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South Casper Creek Field, located on an anticline in cen­
tral Wyoming, was the site of a multicomponent 3-D seismic 
survey aimed at measuring seismic velocity anisotropy associa­
ted with fracturing in the subsurface. The compressional wave 
(P-wave) data were fully processed, but difficulties were 
encountered in processing the shear-wave (S-wave) data sets. 
Modeling of the P-wave data was done to better understand the 
subsurface. Besides helping with interpretation of the P-wave 
data, the insights gained and the model that was created could 
be used in the future to help with the processing and inter­
pretation of the other wavefields recorded in the survey.
A 3-D, isotropic, computer model was created of the 
velocity structure at South Casper Creek Field. The model 
integrated information from outcrops, wells, refraction veloc­
ity analyses, surface seismic reflection data, and a vertical 
seismic profile. Depths, thicknesses, and P-wave velocities 
of the layers in the model were adjusted until modeled reflec­
tion times generally matched those in the real data. A varia­
ble transit time through the weathered layer at the ground 
surface had to be incorporated into the model for this match 
to be achieved.
The match between modeled and real reflections is
iii
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generally good for the Crow Mountain and shallower reflections 
and fair for the deeper ones. However, in a localized area on 
the crest of the anticline, the shallow, real reflections are 
delayed as much as 12 ms relative to the modeled ones. This 
feature is apparently due to a shallow, low-velocity anomaly. 
The anomaly is believed to be caused by fracturing that is 
more intense than fracturing present elsewhere on the anti­
cline, possibly in combination with gas that could have leaked 
into the fractures from a known gas reservoir.
Anisotropic modeling showed that, in most parts of the 
survey, anisotropy associated with fracturing would not injure 
the P-wave data quality. In the area that was apparently 
highly fractured, the stack of a given common midpoint gather 
could potentially have been degraded by inadequately correct­
ing for directionally dependent normal moveout associated with 
high anisotropy. Such degradation of the stacked traces was 
not observed in the real seismic data, however, the lower 
Morrison reflection being consistently strong.
In general, modeling that integrates all available data 
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A multicomponent 3-D seismic survey was conducted over 
South Casper Creek Field in Natrona County, Wyoming, during 
October 1989 by the Reservoir Characterization Project (RCP) 
at the Colorado School of Mines. The work I did was also part 
of the RCP. The objective of my research was to gain a better 
understanding of the subsurface through compressional wave (P- 
wave) modeling. The computer model that was created could 
also serve as a basis for future processing and interpretation 
of the other wave fields recorded in the survey.
Geology
South Casper Creek Field is located in central Wyoming, 
about 25 miles west of Casper (Fig. 1), in sections 2 and 3 of 
T33N, R83W and in sections 33 and 34 of T34N, R83W. The 
field, owned and operated by Unocal Corporation, was discov­
ered in 1918 when a gas reservoir in the Jurassic Canyon 
Springs Sandstone was encountered at a depth of about 1200 ft. 
In 1922, deeper drilling to 2400 ft found heavy oil in the 
Pennsylvanian Tensleep Sandstone. The gas in the Canyon 
Springs was depleted by 1927, but the Tensleep is still pro­
ducing oil today. While original-oil-in-place estimates are 
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Fig. 1 Tectonic map of Wyoming, showing major structural 
features and the South Casper Creek study area.
(from Akhtar, 1991, and Tenny, 1966)
T-4137 3
produced. The recovery of oil from the field has been 
enhanced by water-flooding and more recently by a steam-flood. 
Evidence suggests that fractures influence the movement of the 
steam in the subsurface (Stevenson and Mullen, 1991).
The trap for hydrocarbons in the field occurs along a NW- 
SE trending anticline, which is divided into north and south 
domes by a structural saddle. Minor faulting is also present 
in the field.
Poison Spider Field, located just to the southeast of 
South Casper Creek on a similar anticline, produces oil from>
the Canyon Springs Sandstone. Both anticlines were formed on 
|the Casper Arch, on the upthrown side of the Owl Creek Moun­
tains Thrust (Fig. 1) . This fault overrides the eastern edge 
of the Wind River Basin. West Poison Spider Field is located 
6 miles to the west, on the downthrown side of the fault.
Seismic Data Acquisition
More that one polarization direction was used for sources 
and receivers in the recording of the multicomponent seismic 
survey. The survey was designed to give information about 
anisotropy in the subsurface.
South Casper Creek Field was chosen for the Reservoir 
Characterization Project*s second multicomponent 3-D survey, 
the first survey having been acquired and processed at Silo 
Field, Wyoming, where the reservoir was a flat-lying chalk.
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At South Casper Creek, 2-D multicomponent seismic data had 
been acquired by Unocal along a line that crossed the field 
from west to east, 160 ft north of the section 3 / section 34 
lease line (Cameron, 1989). These data demonstrated that good 
quality P-wave and compressional-to-shear (P-SV) converted 
wave data could be obtained at South Casper Creek.
The 3-D seismic data were acquired by Northern Geophysi­
cal of America over a 4000 ft by 6400 ft area (Fig. 2) on the 
south dome of the field. The long dimension of the survey 
area was oriented at N34E, perpendicular to the axis of the 
South Casper Creek anticline. Nine receiver lines were laid 
out with an 800-ft spacing, each with 40 three-component geo­
phones spaced 100 ft apart and oriented parallel to the line 
direction.
The survey was conducted from south to north in five 
patches. In each patch, five adjacent receiver lines were 
live and there were from 150 to 220 source points, most loca­
ted between the first and second and between the fourth and 
fifth receiver lines in the patch. At each source point there 
were two horizontal (S-wave) vibrators and a vertical (P-wave) 
vibrator. One shear-wave vibrator was oriented in the inline 
(NW-SE) direction and the other was oriented in the crossline 
(NE-SW) direction. Vibrating in three orthogonal directions 
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Fig. 2 Source and receiver locations in the 3-D survey. 
Sources and receivers, respectively, are symbolized by small 
circles and by dots along the solid lines.
(from Golden Geophysical Corp., 1991)
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at each receiver resulted in a total of nine data sets.
The P-wave vibrators used an 8-s sweep of 16-120 Hz with 
0.5-s cosine tapers and vibrated 8 times at each source point. 
The S-wave vibrators used a 12-s sweep of 8-80 Hz with 0.5-s 
cosine tapers and vibrated 8 or 12 times at each source point.
Seismic Data Processing
The seismic data were processed by Golden Geophysical 
Corporation of Golden, Colorado. For sorting the traces into 
common midpoint (CMP) gathers, a grid of 50-ft square bins was 
used. All traces whose source-receiver midpoint fell within 
the same bin were grouped together. There were 84 bins in the 
inline direction and 132 in the crossline direction resulting 
in a 4200 ft by 6600 ft grid. Since the grid of CMP bins was 
larger than the area where source and receiver stations were 
located, there was a two-bin-wide (100-ft) margin of empty 
bins along the edges of the grid.
In this report, a particular bin is designated by a row 
(SLINE) number and a column (XLINE) number, with the first row 
and first column being on the south and west sides of the sur­
vey, respectively. Similarly, a seismic line extracted from 
the 3-D data volume along a row or a column of bins is called 
a subline (SLINE) or a crossline (XLINE), respectively, and is 
given the number of that row or column. A macrobin is a 150- 
ft square area (9 bins, 3 on a side) and in this report, it is
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numbered by the bin at its center.
To date, only the P-wave data set (vertical source and 
receiver) has been fully processed. Testing indicated that 
refraction static corrections would not significantly improve 
data quality, so only elevation and residual reflection-based 
statics were applied. Three-D velocity analyses, incorpora­
ting time dips derived from the data, were done on macrobin 
trace gathers at 12 locations within the survey in conjunction 
with the calculation of the residual static corrections.
To migrate the data, a finite-difference algorithm was 
used, with the data being migrated first in the strike direc­
tion and then in the dip direction. Initially, velocities 
that were 80% of the smoothed stacking velocities were used 
for migration, based on the work of Hugo Vieytes (1991) of the 
RCP. He had determined that using 80% gave the best match of 
the Tensleep structure derived from XLINE 29 to the structural 
shape known from wells located along the line. Later, the 
data were remigrated using 100% of the stacking velocities in 
order to optimize the resolution of faults.
The S-wave data sets (horizontal sources and receivers) 
have been difficult to process. First, 2-D S-wave sections 
along the nine receiver lines were processed by using only 
those sources near the lines. It was found that the data 
acquired on crossline receivers from crossline sources had
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better quality than did the inline data. Refraction static 
corrections from the 2-D crossline data were then interpolated 
and applied to the 3-D data. This approach, however, gave 
poorer results than using only elevation and residual statics.
To date, efforts to process the 3-D S-wave data volumes 
have not been successful. It appears that the processing 
difficulties have been largely due to a poor signal-to-noise 
ratio in the S-wave data caused by the near-surface. The 
effects of the near-surface include attenuation, large static 
shifts, and anisotropic velocities in the subweathering layer 
(Vieytes, 1992). Further processing of these data awaits 
modeling that will give insight into the nature and processing 
peculiarities of 3-D shear-wave data.
A more detailed description of the P- and S-wave data 
processing can be found in a report by Golden Geophysical 
(1991).
The P-SV converted wave data (vertical source, horizontal 
receivers) has to date undergone only some processing tests on 
2-D lines extracted from the larger data volume. Complete 
processing of the 3-D P-SV data will require a model-based, 
time-variant binning scheme because the raypaths of converted 
waves are asymmetric, even for flat reflectors.
Processing of both S-wave and P-SV data would benefit 
from modeling, but what should the model look like? The data
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themselves do not give much indication. For this reason, it 
made sense to first create an accurate 3-D model based on the 
P-wave data, which has better quality and has been fully pro­
cessed. In the future, the model I have created can be used 
as a starting point for modeling the S-wave and P-SV data so 




A 3-D, isotropic computer model of the velocity structure 
at South Casper Creek Field was created and made as realistic 
as possible by incorporating outcrop data, refraction velocity 
analyses, well control, a vertical seismic profile (VSP) 
acquired in the 10-6-3 well, and surface seismic P-wave 
reflection times. The model was taken to be a good represen­
tation of the subsurface when synthetic migrated sections 
generated from the model matched actual migrated P-wave 
sections reasonably well.
Modeling Capabilities
Software by Sierra Geophysical, Inc., a Halliburton com­
pany, was used to do the modeling. The work was done at Mara­
thon Oil Company's Petroleum Technology Center in Littleton, 
Colorado. With Sierra software, models can be created consis­
ting of three-dimensional layers, each with its own elastic 
properties. Attenuation properties can also be assigned to 
each layer. In a model, a layer is identified by the gridded 
surface which forms its base. Faults may be included in a 
model, if desired.
The velocity within a layer may be made to vary verti­
cally and laterally but all layers must be isotropic. Though
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the subsurface at South Casper Creek was known to be anisotro­
pic, isotropic modeling as a first approximation was still 
expected to give some valuable insights.
In the Sierra system, P-wave sources are assumed to be 
explosive (not polarized) and receivers record vertical, 
north-south, and east-west components of displacement.
Raytracing can be done in several ways with Sierra soft­
ware. Of most use in this project was the program QUIKRAY. 
Normal incidence raytracing using QUIKRAY results in simulated 
zero-offset, unmigrated seismic reflection data, while image- 
ray raytracing gives the equivalent of time-migrated data.
Model Dimensions
A model of the south dome of South Casper Creek Field was 
created using MIMIC, another Sierra program. For the model, 
I used a coordinate system (Fig. 3) that was rotated 34° 
clockwise from the map coordinate system and had its origin at 
the southwest corner of the first bin. This new coordinate 
system allowed the north-south and east-west orientations of 
sources and receivers used by Sierra to correspond to the 
crossline and inline orientations used in the acquisition of 
the real data. Hereafter in this report, any mention of 
directions or coordinates refers to the new coordinate system.
The new coordinate system also makes it easy to locate a 
bin center or a seismic line on the map by using the following
T—4137 12
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Fig. 3 Area covered by the model, showing the survey area, 
nine receiver lines, Unocal's 3-D survey and receiver array, 




north coord. = (SLINE * 50 ft) - 25 ft 
east coord. = (XLINE * 50 ft) - 25 ft
The model area extends 400 ft south and north of the 
first and last rows of bins (SLINES), respectively, and 1700 
ft east and west, respectively, of the first and last columns 
of bins (XLINES).
A datum elevation of 6000 ft above sea level was used in 
the model even though the P-wave data had been plotted with 
5800 ft as the datum. The datum elevation was changed to 6000 
ft because some surface elevations exceed 5800 ft, and MIMIC 
requires all depths in a model to be deeper than a reference 
surface, which is assigned the depth of 0. The depths in the 
model are negative and represent depths below the datum of 
6000 ft.
Tying Reflections to Geologic Horizons
All layer boundaries in the model, except for the Crow 
Mountain Sandstone, coincide with significant changes in 
velocity on the sonic logs. Five of the interfaces correspond 
to reflections in the P-wave data (Fig. 4). The five reflec­
tors are the Muddy Sandstone (Cretaceous), the lower Morrison 
Formation (Jurassic), the Crow Mountain Sandstone (Triassic), 




f m m i& mmwmihwU





Fig. 4 XLINE 29 - reflections correlated with a synthetic 
seismogram from the 3-12-34 well (shallow) and a VSP reverse- 
polar ity corridor stack from the 10-6-3 well (deep). The 3- 
12-34 well has been projected 4200 ft from its location in 
section 34 of T34N, R83W. Vertical scale is time in ms.
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(Pennsylvanian). The Muddy reflection is the first coherent 
event in the seismic data, and the lower Morrison reflection 
is the first one to continue across the crest of the anti­
cline. The last major reflection event above the thick, 
nonreflective Red Peak Shale interval originates from 10 ft 
above the Crow Mountain Sandstone. In this thesis, "shallow 
reflections" refers to reflections originating from the Crow 
Mountain horizon and the levels above it. Deeper in the sec­
tion is the Nowood reflector, which overlies the oil-produc­
tive Tensleep Sandstone. The Amsden produces the last major 
reflection in the seismic data.
Ties of the Muddy, lower Morrison, and Crow Mountain 
reflections with the geologic horizons in the subsurface were 
made with a synthetic seismogram generated by Unocal (Cameron, 
1989) using a sonic log from the 3-12-34 well (Fig. 4) . A 
corridor stack of the reflected (up-going) P-waves recorded in 
the 10-6-3 well's near-offset VSP was not used for making the 
shallow ties because the quality of the corridor stack over 
that section is poor, apparently due to acquisition through an 
interval with a poor cement bond of the surface casing.
For the Nowood and Amsden reflections, the VSP is valid 
and was used to make the tie to the geologic horizons. The 
"reverse" polarity (increase in acoustic impedance gives a 
peak) corridor stack was first correlated with XLINE 29 (Fig.
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4), which passes through the 10-6-3 well. The zero-offset 
time of the down-going P-wave as a function of depth (Appendix 
A) was then used to relate the VSP reflection times to geo­
logic horizons in the well.
Even though the corridor stack of the up-going waves is 
apparently not good for tying the early reflections, the zero- 
offset times of the down-going waves could potentially have 
been used for this purpose after the Nowood and Amsden reflec­
tions had been identified on the VSP. However, based on the 
tie at the Nowood, the shallow ties made with the synthetic 
seismogram, isochrons between reflections in the surface seis­
mic data, and sonic log velocities, the zero-offset arrival 
times of the down-going P-wave at the Muddy and lower Morrison 
were found to be about 4 ms too early, relative to the times 
to the deeper reflectors. The cause of the apparent discrep­
ancy between the expected VSP arrival times and those actually 
observed was investigated and is discussed in the Anisotropic 
Modeling chapter.
Implicit in the ties that were made between seismic 
reflections and geologic horizons was the assumption that a 
given reflection, which was chosen for modeling, originated 
from a single interface. Therefore, there would be a direct 
relation between the time-structure of a reflection and the 
depth-structure of the geologic horizon to which it was tied.
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It was possible, however, that the given reflection was actu­
ally a composite event, resulting from the interference of 
several reflections. Stratigraphic variations could therefore 
change the character of such an event and affect the relation­
ship between time-structure and depth-structure. Neverthe­
less, the assumption of a single reflector for each modeled 
reflection seemed to generally cause no problems in the model­
ing work.
Creation of Surfaces
Formation tops from well logs, some picked by Dave List 
of the RCP, some by Unocal, and the rest picked by myself, 
(Appendix B) were used as control points for each layer. Sur­
face locations for the wells were obtained from a Unocal base 
map and from surveying done in connection with the seismic 
acquisition. For a number of the wells, directional surveys 
were available, which gave each well's true vertical depth 
(TVD) and location relative to the surface as functions of 
measured depth. I used these surveys to locate the wells at 
each layer. When there was no survey for a well, I estimated 
the deviation and TVD based on the surveys of nearby wells. 
The locations of the well control points used in the modeling 
are in Appendix C.
The control points were used by MIMIC to create 3-D sur­
faces that could later be put into the model as layer bound­
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aries. I used a grid node interval of 30 ft in both the 
north-south and east-west directions because it gave less 
erratic raytracing results than did a coarser grid node inter­
val. In MIMIC are several options that affect how gridding of 
a surface is done. My criterion for choosing options and par­
ameters was that the resulting contour map should look like I 
had done it by hand. I used the MIMIC gridding method that 
can handle faults and specified a smoothing factor of 0.3 for 
the last level of gridding, except for the gridding of the 
ground surface, for which I used 0.7. I used the default 
choices for the other options.
Sometimes, a horizon picked on the logs did not exactly 
coincide with a horizon that was tied to a reflection. In 
such a case, a constant depth shift was applied to the surface 
before putting it into the model as a layer boundary. The 
Alcova Limestone surface was shifted up 79 ft to make the Crow 
Mountain layer boundary, and the Tensleep Sandstone surface 
was shifted up 46 ft to make the Nowood layer boundary. The 
Mowry, though it did not give a reflection, was also shifted 
because the mapped horizon is 35 ft deeper than the actual 
formation top. The Mowry surface was shifted up by still 
larger amounts to create the boundaries of the shallowest 
layers in the model, those which crop out at the surface.
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Building the Model
The strategy in constructing the model was to build it 
from the earth*s surface down and to keep it as simple as 
possible, adding complexity only when necessary. No faults 
were initially put into the model since those that were known 
to exist in the field had generally small vertical displace­
ments, on the order of 50 ft. Faults could be included later 
if further refinement of the model was desired.
In the interest of simplicity, a relatively small number 
of layers was used. There was not enough detail in the model 
to duplicate the actual change in rock properties at a given 
reflector. The amplitude of a modeled reflection from the 
interface was therefore not expected to match that in the real 
data. The raypath to the reflector and the corresponding 
travel time should be approximately correct, however.
Since the wells are located on the crest of the anti­
cline, it became obvious early in the modeling that more know­
ledge was needed about the structure on the flanks. The out­
crops in the field area contributed some of this information. 
In aerial photographs, beds can be seen extending over the 
study area and forming resistant ridges. Well logs from out­
side the field area show that most of these ridges are out­
crops of Cretaceous Frontier sandstones. The top of the 1st 
Frontier Sandstone makes a steep slope of about 20°, estimated
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from a topographic map, just to the north of the survey area. 
The same bed has much less topographic relief on the south 
side of the field, but the dips are similar. Two prominent 
ridges near the crest of the anticline are formed by the 4th 
Frontier Sandstone, with the northern ridge again being domi­
nant. These ridges can be seen on a map of the ground surface 
(Fig. 5) gridded from elevations measured at each source and 
receiver station. I estimated dips on the resistant sandstone 
that caps the ridges to be about 15° from ground photographs 
taken during survey acquisition.
In addition to the outcrops, wells logs gave some infor­
mation about the structure on the flanks. A map was made from 
well control on the top of the Mowry Formation, and there were 
also a few penetrations of the 4 th Frontier Sandstone. 
Thicknesses of the layers above the 4th Frontier Sandstone 
were derived from wells outside the field area and the struc­
tural shapes of these layers were assumed to be the same as 
that of the Mowry, projected upward by constant amounts. This 
seemed to be a reasonable assumption since it was unlikely 
that the dips would change much over a small vertical distance 
and because the wells outside the field showed that the thick­
nesses of the shallow layers could be expected to be essen­
tially constant.
A reverse fault with about 80 ft of vertical displacement
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Fig. 5 Topographic map over the survey area. Also shown are 
the wells used in the modeling. Contour interval is 20 ft and 
the datum elevation is 6000 ft above sea level (ASL).
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was identified in the 13-6-3 well at 233 ft of measured depth 
by correlations with other wells. The repeated section caused 
by the fault makes the interval from the Mowry to the Muddy 
unusually thick in the well (see Appendix D) and the well's 
Mowry top, on the upthrown side of the fault, is the shallow­
est Mowry top in the field. From the elevation of the 4th 
Frontier Sandstone, it was obvious that the northern side of 
the fault was upthrown. The uplift of the fault was needed in 
the model to make the Mowry structural shape fit the 4th Fron­
tier Sandstone outcrop on the north side of the field when the 
Mowry surface was projected upward by a distance equal to the 
4th Frontier-Mowry interval thickness. Rather than actually 
put a fault in the Mowry surface, the displacement due to the 
fault was simulated by a small, narrow anticline (Fig. 6) . 
This approach was valid because after projecting this Mowry 
surface up to the 4th Frontier Sandstone, all that was left of 
the fault was the steeper dip on its upthrown side.
The fault is not detected by any other well and cannot be 
seen on the seismic data. Perhaps it is a low-angle thrust 
within the Mowry. Since the velocity contrasts between the 
shallow layers that this fault would offset are small, I 
decided not to include the fault in the Mowry surface that was 
put into the model to actually represent the top of the Mowry 
Formation. This was done by not using the Mowry top from the
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Fig. 6 Mowry Shale structure map. Mapped horizon is 35 ft 
below the formation top. A reverse fault was seen below the 
Mowry by the 13-6-3 well. Contour interval is 200 ft and the 
datum elevation is 6000 ft ASL.
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13-6-3 well when gridding the new Mowry surface. Subsequent 
raytracing confirmed this decision because results with and 
without the fault at the top of the Mowry were indistinguish­
able.
The shallow structure of the field outside the area of 
well control was determined by constructing cross sections 
(Fig. 7) across the anticline that integrated the available 
surface and well data. The depths and dips of the Mowry and 
shallower layers on the flanks of the anticline were adjusted 
until the intersections of the layers with the ground surface 
coincided with the outcrops that had been identified. The 
adjustments were made by the addition of control points for 
the Mowry surface outside the area of the wells. It was 
ensured that the structural shape of the Mowry, as seen in map 
view (Fig. 6), was smooth and geologically reasonable.
As deeper layers (Figs. 8 and 9) were added to the model, 
they were also made to parallel the Mowry shape in the off-
structure areas. The depths to a given layer boundary in
these areas were adjusted so that a constant stratigraphic 
thickness of the layer above was maintained away from the well 
control. The restrictions on layer dip and thickness seemed 
geologically reasonable. As a check on the structural shape 
of layers in my model, I estimated dips at the 12 macrobin
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Fig. 8 Lower Morrison structure map. Contour interval is 
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Fig. 9 Tensleep Sandstone structure map. Mapped horizon is 
46 ft below the Nowood layer boundary. Contour interval is 
200 ft and the datum elevation is 6000 ft ASL.
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determined in the 3-D P-wave velocity analysis (Appendix E). 
These dips appeared to be consistent with those in the model.
There was some uncertainty in the accuracy of my dip 
estimates for the flanks of the anticline, away from well con­
trol, since the estimates were made by indirect means rather 
than in the field. Lawson (1954) said that dips on the north 
and south flanks of the anticline are as high as 30° and 28°, 
respectively, which are higher than my estimates. He also 
reported that at outcrops of the Cretaceous Mesaverde Forma­
tion about 2 miles south of the field, the dips had increased 
to 68°. The depth to the Mowry in wells located in sections 
10 and 14 of T33N, R83W, to the southeast of the field, indi­
cate steeper dips on the flanks, too. Dip apparently is 
increasing into the Owl Creek Mountains Thrust, located still 
further south. If the dip increases laterally, it seems rea­
sonable that the dip should also increase with depth if for­
mation thicknesses are to be maintained.
When I tried increasing the dip on the flanks of the 
anticline in my model to more closely match the dips from the 
sources just described, the modeled reflections could not be 
made to match the real reflections without increasing the 
velocities of the shallowest layers outside the range of 
values derived from sonic logs and refraction velocity analy­
ses. There was also no support in the real data for increas­
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ing the dip with depth. I therefore retained my original 
structural interpretation for the flanks of the anticline.
It would be good to integrate the South Casper Creek 
structure into the regional framework using seismic data and 
balanced cross-sections. Perhaps a fault is present just 
south of the survey area that could explain the discrepancies 
between the dips in the model and those observed south of the 
field. Such a study was beyond the scope of this project, 
however.
Maps of the surfaces used in the model but not included 
in the text may be found in Appendix F.
Velocities
P-wave velocities for the model came from the down-going 
wave time as a function of depth in the VSP data, from sonic 
logs, and from comparing the modeled isochron for an interval 
with that observed in the real data. In the final model, the 
velocities were generally found to match closely those deter­
mined from the VSP and were equal to or less than sonic veloc­
ities, in one case by as much as 11%.
Within layers, velocities were usually held constant. 
Default values were used for attenuation, S-wave velocity, and 
for density, which was calculated from velocity by Gardner's 
equation.
For the shallow layers above the Muddy, there was no
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velocity information in the field except for an intermittent 
sonic log run through casing in the 10-6-3 well. Velocities 
for these layers were determined by using sonic logs from out­
side the field area, which saw the same formations at greater 
depths and with higher velocities. Over formations that were 
logged by both the field wells and the off-structure wells, a 
ratio of the velocities from each was calculated. Velocities 
in layers logged only by the off-structure wells were then 
multiplied by this ratio to determine the velocities that were 
used in the shallow layers of the model.
The velocities for the Frontier Formation and the lower 
Cody Shale, which overlies it on the south end of the survey, 
were fairly constant in the subsurface. Even though sandstone 
members of the Frontier weather differently than do Frontier 
shales, and form ridges on the ground surface, there was 
generally no distinct contrast between sand and shale on the 
sonic logs. A zone about 120-ft thick, however, with the 4th 
Frontier Sandstone at its top, had a significantly higher 
velocity and was included as a separate layer in the model. 
The velocities, from the sonic logs, assigned to the layers 
that crop out at the surface were reasonable based on the 
subweathering velocities that I calculated from plots of 
first-break time as a function of offset made by Hugo Vieytes 
of the RCP (Appendix G). Figure 10 is a depth-section along
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XLINE 29 that shows the layers and velocities that were put 
into the model. Also included in the model was a weathered 
layer, which will be discussed later in this chapter.
Imaqe-Rav Ravtracina
An image-ray reflection represents a time-migrated, zero- 
offset (normal-incidence) reflection. Unlike a normal-inci- 
dence ray, an image ray is always vertical at the surface. In 
the modeling, image-ray raytracing (Fig. 11) was done to simu­
late migrated sections for comparison with the real data. 
There were potential pitfalls in this approach. First, a 
zero-offset trace is not affected by lateral velocity varia­
tions as is a stacked trace from a CMP gather. The traces in 
a CMP gather come from a range of source-receiver offsets and 
azimuths and the raypath to a given reflector for each source- 
receiver pair can pass through rocks which have different 
velocities than those encountered by the other rays that con­
tribute to the gather. Therefore, after the traces in the 
gather have been optimally corrected for normal moveout and 
stacked, the time of a reflection on the stacked trace may be 
somewhat different than the time of the reflection on a zero- 
offset trace. Nevertheless, this potential disparity in mod­
eled and real reflection times due to the image-ray raytracing 
technique was expected to be generally insignificant. The 
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zero-offset traces, but this was not a concern in this project 
because only reflection times were being modeled.
The second pitfall that came with using image-ray data 
for comparison with real data had to do with migration. 
Because the structure was simple and the raypaths of the image 
rays (Fig. 11) were generally uncomplicated, I believed the 
reflections generated by the image-ray raytracing were an 
accurate simulation of properly time-migrated, zero-offset 
data. In comparing the modeled reflections with the real 
ones, I made the assumption that the real data had been mig­
rated with the correct migration velocities. Therefore, any 
differences between the real and modeled reflections were 
assumed to be due to inadequacies in the model, even though, 
potentially, the migration velocities could have been the 
cause. The assumption that the migration velocities were 
correct appeared to be valid, at least on the crest of the 
anticline, because the small faults in that area had been 
optimally resolved.
Despite the potential problems with image-ray raytracing 
that were just described, I decided that it was the best way 
to do the 3-D modeling of the South Casper Creek field. There 
were other modeling options, such as normal-incidence (zero- 
offset) raytracing or offset raytracing followed by process­
ing, either of which could have been compared with unmigrated
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data or been migrated and compared with migrated data. How­
ever, these techniques would have been time consuming and the 
results would have been difficult to interpret. I used image- 
ray raytracing because I expected it to give relatively quick 
results that would be substantially correct and easy to evalu­
ate.
Since raypaths were essentially vertical through the 
shallow section (Fig. 11), a simple depth-to-time conversion 
was initially used for reflections from this interval. Ray­
tracing was eventually done to all five reflectors. In the 
modeling, 3-D raytracing was used, but testing indicated that, 
for dip lines (XLINES), 2-D raytracing could have been done 
because the reflections it generated were nearly the same as 
those from 3-D raytracing. The real and modeled reflections 
were compared on XLINES 10, 20, 29, 43, 50, 57, 70, and 75. 
Occasional use was also made of XLINES 40 and 60 and SLINES 
50, 60, 70, 80, and 90.
Weathered Laver
In the early stages of modeling, it became evident that 
a reasonable model would require a low-velocity, weathered 
zone in the near-surface before modeled reflection times could 
match those in the real data. The origin of the weathered 
layer at South Casper Creek was not investigated, but possible 
causes include chemical alteration of the formations exposed
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at the surface by water that seeped into them and physical 
degradation of the rock by roots or fractures. Fractures 
could be vertical and related to the folding of the anticline 
or possibly horizontal, caused by the reduction in vertical 
stress that accompanied the exhumation of the structure.
All available information regarding the weathered layer*s 
velocity and thickness was considered and these data are sum­
marized in Appendix G. The first-break time-versus-offset 
plots created by Hugo Vieytes were especially valuable. Use 
was also made of refraction work done by Unocal using a dense 
array of receivers (Fig. 3) as part of a statics test (Cam­
eron, 1991) and a refraction velocity analysis done by Golden 
Geophysical on the second receiver line. Observations from 
Unocal*s small 3-D survey in the field (Fig. 3) were also 
considered.
The values of weathering thickness and velocity and sub­
weathering velocity that were derived by myself and others 
(Appendix G) varied considerably, and had no observable rela­
tion to the layers cropping out at the surface. For example, 
Unocal found a constant weathering thickness beneath their 
receiver array, even though it crossed the outcrop of the 1st 
Frontier Sandstone on the south side of the field. Of the 
three needed parameters, the weathering velocity was particu­
larly difficult to estimate because there were few offsets in
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the 3-D survey within the crossover distance and traces from 
these offsets were contaminated with noise. It was found that 
the calculated vertical transit times through the weathered 
layer were more consistent than either the velocities or the 
layer thicknesses determined from the refraction velocity 
analyses. Based on an average one-way transit time of 23.5 ms 
and a velocity of 2000 ft/s, which seemed to be representa­
tive, a thickness of 47 ft was calculated for the weathered 
layer. This thickness also was within the range of values 
which had been observed. A layer with these properties was 
therefore put into the model to represent the low-velocity 
weathered layer at the surface.
The match between modeled reflection times and the real 
times had been improved by the addition of a constant-velocity 
weathered layer, but was still poor in some parts of the sur­
vey, even in areas with well control. The largest mismatch 
was 9 ms. Good matches between modeled and real isochrons of 
intervals below the Muddy horizon indicated that the deeper 
velocities were correct but that there was still a problem in 
the shallow part of the model.
The only reasonable explanation for the discrepancies was 
variations in the transit time through the weathered layer, 
due either to velocity changes, thickness changes, or both. 
The velocities of other shallow layers would have to be varied
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outside a believable range to produce similar effects. Only 
elevation and residual static corrections had been applied to 
the P-wave data and it seemed likely that the variation in 
transit time through the weathered layer observed in the real 
data was a long-wavelength phenomenon for which correction 
could not be made without refraction statics. The variable 
transit time somehow needed to be included in the model.
Some testing was done to determine the consequences for 
modeling of using various combinations of weathering thickness 
and velocity that resulted in the same transit time. It was 
found that raytracing travel times and incidence angles did 
not differ significantly for the different cases. Therefore, 
making one of the variables a constant, though obviously some­
what unrealistic, appeared to be justified.
I decided to vary the weathered layer's velocity rather 
than its thickness or a combination of the two because main­
taining a constant thickness would allow the weathered layer 
to be easily incorporated into a model that was bounded above 
by the irregular ground surface rather than by a flat datum. 
The ground surface might be used if, in the future, a more 
accurate modeling of survey acquisition were desired. In that 
case, the base of weathering could be put into the model as a 
depth-shifted, and possibly smoothed, version of the ground 
surface and the same weathering velocity distribution could be
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used.
I varied the velocity of the weathered layer so that the 
time differences between the real and modeled Muddy reflec­
tions were minimized. The result was a pseudo-velocity map 
for the weathered layer (Fig. 12) . The new weathering pseudo­
velocities were still within the range observed in the refrac­
tion analyses. However, there could have been some compensat­
ing errors in the weathering velocities, structural shape, and 
the velocities of layers above the Muddy. These possible 
errors are not believed to be significant because it was found 
that changing one of the variables usually resulted in the 
others having to be changed outside reasonable ranges of 
values, which were based on independent information, in order 
for the real and the modeled reflections to match.
The contour pattern of the weathering pseudo-velocity map 
(Fig. 12) is reasonable, having no short-wavelength varia­
tions. It is somewhat surprising that the velocity contours 
do not parallel the axis of the anticline, relating in a gross 
way to the outcrop pattern. However, on the north end of the 
survey the velocities are higher, due to a shorter transit 
time through the weathered layer, and in the same area the 
surface elevations are also greater (Fig. 5) . Perhaps the 
resistance of the north side to erosion and the thinner and/or 
















7000 - 1 0 0 0
ERST-WEST DISTANCE IN FEET






1 0 0 0 -
0-
10-6-o
Fig. 12 Pseudo-velocity map of the weathered layer in the 
survey area. Contour interval is 100 ft/s.
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Figure 13 is a depth-to-time converted version of Figure 
10 incorporating the variable pseudo-velocities in the weath­
ered layer. It shows the magnitude and variations of the 
transit time through the weathered layer that were needed in 
the model to match the real reflection times.
It should be remembered that the weathered layer that was 
put into the model may not closely approximate the actual 
velocity or thickness of the weathered layer at any given 
location. It appears, however, to account for long-wavelength 
variations in the transit time through the near-surface low- 
velocity zone, which were not removed from the data by resid­
ual static corrections.
Listings of the files created with the Sierra software 
system in building the model are in the possession of the Res­
ervoir Characterization Project at the Colorado School of 
Mines.
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Fig. 13 Depth-to-time conversion of the cross-section along 
XLINE 29 in Fig. 10, showing the variations in transit time 
through the weathered layer. The time of -0.040 s corresponds 




Reflection times of the Muddy, lower Morrison, and Crow 
Mountain in the real data (Fig. 14) match those in the modeled 
data (Fig. 15) quite well in most parts of the survey. How­
ever, on XLINE 10, on the west side of the survey, the lower 
Morrison and Crow Mountain reflections come in 3 ms and 10 ms 
earlier, respectively, than do the modeled reflections. On 
XLINE 20, the lower Morrison reflection matches well but the 
real Crow Mountain reflection is still about 4 ms early com­
pared with the modeled one. The real and modeled reflections 
match almost exactly on XLINE 29 (Fig. 15) , however. The 
model could not be changed on the west side to match these 
shallow reflections and still have constant velocity layers 
that honored the well control. For this reason, the discrep­
ancies on the west side are interpreted to be caused by a 
shallow, high-velocity anomaly or to be somehow related to the 
fact that they occur near the edge of the survey.
Larger and more extensive mismatches at the lower Morri­
son and Crow Mountain levels occur on the crest of the anti­
cline east of XLINE 29. On XLINE 57 (Figs. 16 and 17), for 
example, there is a delay of 10-12 ms of these reflections 
relative to those in the model. Strike lines through the
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Fig. 14 XLINE 29 - real data. Reflections used in the 
modeling are indicated. Line passes through the 10-6-3 well. 










Fig. 15 XLINE 29 - modeled reflections (spikes) compare well 
with real reflections (heavy lines) except on the flanks of 
the anticline at the Nowood and Amsden levels. Vertical scale 
is time in ms.
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Fig. 16 XLINE 57 - real data. Reflections used in the 










Fig. 17 XLINE 57 - modeled reflections (spikes) reveal that 
the real reflections (heavy lines) are delayed 10-12 ms on the 
crest of the anticline. Vertical scale is time in ms.
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field show a similar picture. Modeled reflections on SLINE 50 
(Figs. 18 and 19), on the anticline's flank, fit the real data 
down through the Crow Mountain reflection; however, SLINE 70 
(Figs. 20 and 21) , on the crest, shows the time delay. It was 
found that the time discrepancies were confined to one region 
on the crest of the anticline (Fig. 22) . However, there is no 
evidence for a structural sag on the map.
The mismatch of the lower Morrison and Crow Mountain 
reflections to the modeled reflections is interpreted to be 
caused by anomalously low velocities above the lower Morrison 
reflector in a localized area. In Figure 23, I created a 2-D 
model in which I combined the three shallow layers with simi­
lar velocities (Fig. 10), from the top of the basal Frontier 
shale down to the top of the lower Morrison, into a single 
layer with a velocity of 9070 ft/s. I then reduced the veloc­
ity of this layer over the crest of the anticline by 7% to 
8460 ft/s to improve the match of travel times. The data from 
the altered model match the real data quite well and demon­
strate the amount by which the shallow velocities must be 
reduced to cause the sag.
Possibility of Shallow Gas
The possibility that the sag was caused by a shallow, 
low-velocity gas reservoir on the crest of the anticline was 
investigated. Only the Canyon Springs Sandstone showed evi-
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Fig. 18 SLINE 50 - real data. Reflections used in the 
modeling are indicated. Line is from the flank of the anti­
cline. Vertical scale is time in ms.
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Fig. 19 SLINE 50 - modeled reflections (spikes) compare well 
with real reflections (heavy lines), except at the Nowood and 
Amsden levels, on this line from the flank of the anticline. 
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Fig. 20 SLINE 70 - real data. Reflections used in the 
modeling are indicated. Line is from the crest of the anti­











Fig. 21 SLINE 70 - modeled reflections (spikes) reveal that 
the real reflections (heavy lines) are delayed 10-12 ms on 
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Fig. 22 Lower Morrison structure map, showing the area 
(shaded) of sagging shallow reflections. Contour interval is 










Fig. 23 XLINE 57 - reflections from a 2-D model with a shal­
low low-velocity zone at the crest of the anticline. Modeled 
reflections (spikes) now match the real reflections (heavy 
lines) quite well at the lower Morrison and Crow Mountain 
levels. There was not a Muddy horizon in this model. 
Vertical scale is time in ms.
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dence of gas saturation on the wireline logs. In the 1920s it 
produced gas until it was depleted, and, at present, its pres­
sure is around 50 psi (Stevenson, 1991). The Canyon Springs, 
however, is deeper than the lower Morrison, about 80 ft above 
the Crow Mountain reflector, and so could at most explain only 
an incremental increase in time-sagging below the lower Morri­
son.
The magnitude of the time delay caused by the gas-filled 
Canyon Springs sandstone was calculated using the Gassman 
equation (White, 1983), an equation commonly employed for 
modeling gas sands. The density and P-wave velocity (Vp) of 
the sand filled with water were obtained from wireline logs, 
and reasonable values were assumed for the ratio of the veloc­
ity of P-waves to that of S-waves (Vp/Vs), water saturation 
(Sw) , sand-grain density, and the incompressibility of water, 
gas, and sand grains. For a sand thickness of 43 ft, the most 
seen in the field, the largest time delay that can be expected 
is 1.7 ms. Based on the calculations, the delay in travel 
times caused by the Canyon Springs Sandstone gas reservoir is 
insignificant. Actually, even a time delay of 1.7 ms is unre- 
alistically large because there is an offsetting increase in 
P-wave velocity that accompanies the increase in effective 
stress caused by the depletion of reservoir pore pressure.
The Lakota Sandstone, which occurs above the lower Morri­
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son reflector and is about 80 ft thick, was another poten­
tially gas-bearing zone that might have caused the sag. The 
Lakota, however, shows no indications of gas on the wireline 
logs and, in fact, the sand serves as a source of fresh water 
for the field. In addition, the Lakota has a high velocity 
where it is water-filled, and calculations showed that adding 
gas to the rock would not teduce its velocity enough to 
account for the sag observed in the data.
Fracturing
Intense vertical fracturing in the shallow section is the 
most likely explanation for the sag. In this section, I will 
discuss how I arrived at that conclusion.
A time map of the lower Morrison reflection was made 
(Fig. 24), incorporating the small faults on the crest of the 
anticline at that level. Using the same fault pattern plus 
well control, a depth map (Fig. 25), more detailed than the 
lower Morrison surface included in the model (Fig. 8) , was 
then constructed. By comparing the time map to the depth map, 
the time sag that was described earlier can be seen. The 
shallow, low-velocity anomaly has caused the time-shape on the 
crest of the anticline to be generally flatter than the depth- 
shape.
The region of this sagging of the lower Morrison reflec­
tion coincides with an area where the small faults on the
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Fig. 24 Lower Morrison time-structure map in the vicinity of 
the area (shaded) with sagging reflections, made using the 
real seismic data. High-angle faults in the shallow section 
may have been crossed by the 16-10-3 and 39 wells. Tick marks 
are on the downthrown sides of normal faults and triangles are 
on the upthrown sides of reverse faults. Contour interval is 
0.010 s and the datum elevation is 5800 ft ASL.
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Fig. 25 Lower Morrison depth-structure map in the vicinity 
of the area (shaded) with sagging reflections. Tick marks are 
on the downthrown sides of normal faults and triangles are on 
the upthrown sides of reverse faults. High-angle faults in 
the shallow section may have been crossed by the 16-10-3 and 
39 wells. Contour interval is 200 ft and the datum elevation 
is 6000 ft ASL.
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anticline's crest are more numerous and generally have larger 
displacements than elsewhere on the anticline. Fractures and 
faults are known to occur together (Kulch, 1990), having been 
formed by the same tectonic stresses. I suggest that the area 
with more intense faulting on the crest of the anticline is 
also more highly fractured and has a lower vertical P-wave 
velocity.
Evidence for the faulting comes almost entirely from the 
seismic data. Because the faults are nearly vertical, few 
wells may intersect them. The small displacements of the 
faults could also make them difficult to detect if they are 
crossed. I have not done the detailed correlations needed to 
find the faults, but based on interval thicknesses (Appendix 
D) and the fault locations, the 16-10-3 and 39 wells may each 
have encountered one of these faults. The 16-10-3 well is 
thin in the Muddy-lower Morrison interval while the 39 well is 
thin between the Canyon Springs and the Alcova. Since the 
faults near the wells are reverse faults, the wells would have 
to cross them from the downthrown sides to the upthrown to 
cause the missing sections in the wells. This could be possi­
ble with minor deviations of the wells from vertical since the 
faults have high dips, approaching vertical.
It makes sense that more faults and more open vertical 
fractures developed on the crest of the anticline where the
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radius of curvature of the folding is smallest. Vealey (1991) 
studied a similar anticline at Alcova Reservoir, located to 
the southeast, and observed that fractures were more prevalent 
on the fold axis, supporting the interpretation at South Cas­
per Creek of more intense fracturing being present on the 
anticline's crest.
In the VSP acquired in the 10-6-3 well, which is on the 
crest of the anticline but outside the sagged area, Kramer 
(1991) determined the average orientation for the fractures in 
the vicinity of the well, based on shear-wave polarizations 
below the lower Morrison, to be 119° from true north, which is 
the trend of the anticline and of the faults at its crest. He 
also observed a large amount of S-wave anisotropy in the sec­
tion above the lower Morrison. This anisotropy is consistent 
with the presence of shallow, vertical fractures and is the 
only known evidence for their existence. The fact that this 
shallow anisotropy was detected outside the sagged area sug­
gests that fracturing may be present at other locations along 
the crest of the anticline. The time sag could therefore be 
caused by more intense fracturing in a localized area.
In other areas, fractures have been recognized on seismic 
data by changes in the amplitude, amplitude-versus-offset 
(AVO) variations, and character of reflections from the frac­
tured interval, and by a decrease in the high-frequency con­
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tent of reflections from layers below the fractures, caused by 
attenuation and seen on plots of instantaneous frequency (Hay­
den, 1984, and Kulch, 1990). These effects cannot be seen in 
the data from South Casper Creek, however.
Fracturing has also been proposed as the explanation for 
a velocity sag of as much as 80 ms observed in western China 
over part of a large plunging anticline from which oil and gas 
are produced (Paul, 1990). The sagged area was off the crest 
of the anticline but was still on its axis. The fact that the 
amount of sag decreased with time, apparently due to under­
shooting, was a clue that the sag was caused by a low-velocity 
zone in the subsurface. Cores from wells within the sagged 
area gave evidence that fracturing was more intense in that 
area than elsewhere on the anticline. Sonic logs from the 
same area, however, showed no low-velocity zones. This is not 
inconsistent with a reduction in seismic velocities due to 
fracturing since a sonic log responds to the velocity of the 
rock's matrix. I measured the time between two reflections in 
the sagged and unsagged portions of Paul's seismic line and 
calculated a 17% reduction in the velocity of the interval.
The 7% reduction in velocity needed to explain the sag at 
South Casper Creek can be produced by a reasonable distribu­
tion of random cracks in the rock (Pennington, 1991). 
Aligned, vertical fractures are more likely at South Casper
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Creek, however. Paterson (1978) described qualitatively the 
reduction in vertical velocity caused by parallel, vertical 
fractures as "small” for a rock with dry or gas-filled frac­
tures and "very small" for water-filled fractures. Similarly, 
Crampin (1985) said that aligned cracks filled with water have 
little effect on the P-wave velocity. My impression is that 
these general observations on the velocities in rocks with 
aligned fractures do not support the interpretation that a 
velocity reduction as large as 7% is caused by fracturing.
Hsu and Schoenberg (1990) constructed a physical model of 
fractured rock consisting of a stack of lucite plates that 
could be put under a compressive stress normal to the stack. 
The plate thickness was about 1/20 of the compressional wave­
length. They found that, as would be expected, the P-wave 
velocities when the fractures were dry were lower than the 
velocities when the fractures were filled with honey. Raising 
the stress also increased the velocities. At high stresses, 
the P-wave velocity parallel to dry fractures approached the 
velocity of the lucite itself while at low stresses, the 
velocity approached that of an individual plate. This plate 
velocity was about 13% less than that of the unfractured 
lucite. The work of Hsu and Schoenberg suggests that signifi­
cant velocity reduction requires gas-filled fractures.
An upper limit to the velocity reduction at South Casper
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Creek can be calculated if the fractures are vertical, inter­
secting, gas-filled, and their spacing is small compared with 
the seismic wavelength. Under such a scenario, there would be 
no restriction on horizontal strain and seismic waves would 
propagate at a velocity determined by Young's modulus (Towle, 
1991). The Young's modulus velocity, Vy, of the fractured 
rock can be calculated from the Vp and Vs of unfractured rock 
by the following equation.
Vy = [Vs2 * (3Vp2 - 4Vs2) / (Vp2 - Vs2)]172
Based on a Vp of 9070 ft/s for the shallow section out­
side the area of sagging reflections, and using a Vp/Vs ratio 
of 1.8 to obtain Vs, the velocity for vertically fractured 
rock was calculated to be 8050 ft/s. Using Vp/Vs values of 
2.0 and 1.6 gives Young's modulus velocities of 7410 ft/s and 
8710 ft/s, respectively. The velocity of 8460 ft/s, which was 
put into the model to match the sagged reflections, is larger 
than two of the calculated Young's modulus velocities, but it 
is close enough to raise the question of whether a second set 
of fractures or some gas saturation might be required to 
explain the sag.
A second set of fractures might have been generated in 
the area of the sag due to the tectonic stress that caused the 
east and west ends of the anticline to plunge. At present,
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however, there is no information to support or refute this 
idea.
Gas could be present in shallow fractures at South Casper 
Creek due to leakage from the Canyon Springs gas reservoir. 
There is no evidence from drilling records that gas was 
encountered in the shallow section in unexpected accumulations 
such as nonreservoir rocks or fractures (Stevenson, 1991). 
This argues against there being gas in nonreservoir rocks but 
does not contradict the possibility of gas being in vertical 
fractures because wells would intersect such fractures infre­
quently and because fractures have a small volume when com­
pared with the pore space of a rock. Even a low gas satura­
tion in fractures might be enough to significantly reduce Vp, 
as occurs for a low gas saturation in the intergranular poros­
ity of a rock.
As mentioned above, the VSP from the 10-6-3 well indi­
cated that fracturing in the shallow section was present out­
side the sagged area. It is possible, then, that the time sag 
may be caused by a localized gas saturation of fractures that 
are no different from those that apparently caused the aniso­
tropy in the VSP and that may be present over a large part of 
the anticline. This possibility cannot be eliminated, but it 
seems unlikely because the Canyon Springs reservoir, the prob­
able source of any gas leakage, covers a larger area than does
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the time sag. Therefore, the whole area of the gas reservoir 
should have leaked gas into fractures and caused a larger area 
of sagged reflections.
A velocity sag caused by gas is certainly possible. Such 
an effect, much larger in scale than the sag at South Casper 
Creek, has been observed at Ekofisk Field in the North Sea 
(Van den Bark and Thomas, 1981). There, gas has leaked from 
the oil reservoir into the sediments above, likely via frac­
tures, and has greatly reduced the velocities of the sedi­
ments. On seismic data, the crest of the dome structure that 
traps the oil appears to be collapsed, simply due to the low- 
velocity zone above.
It would be desirable to be able to quantify the possible 
velocity reductions caused by water- and gas-filled fractures. 
However, theoretical models of fractures in rocks, which could 
be used to calculate the expected velocity reduction, require 
more information about the nature of the fractures than is 
available for the shallow section at South Casper Creek. 
Therefore, an unequivocal interpretation cannot be made as to 
whether the low-velocity anomaly is caused by more intense 
fracturing, a local gas accumulation in normally fractured 
rock, or a combination of the two. My impression is that 
intense fracturing is the dominant factor because there is 
circumstantial evidence for its existence, but no evidence for
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the presence of gas in the fractures. On the other hand, 
there seems to be a consensus in the literature that water- 
filled fractures do not cause significant reductions in P-wave 
velocities.
This uncertainty could perhaps be resolved if S-wave 
velocities and anisotropy could be measured in the low-veloci- 
ty area from VSP or surface seismic data. The velocities of 
shear waves are affected differently by the presence of gas 
and fractures than are P-waves. This will be discussed in 
greater detail in the chapter on Anisotropic Modeling.
It is possible that the low-velocity anomaly on the crest 
of the anticline was caused by water from the surface entering 
shallow fractures, chemically altering the surrounding rock, 
and in the process, reducing the velocity of the rock. In 
effect, the fractures could have created an unusually deep 
weathered zone in a localized area. The reason for the local­
ization of the altered rock could be, as was described before, 
the presence of shallow fracturing that is more intense in the 
area of the sagging reflections than elsewhere on the anti­
cline. Alternatively, a zone of deep alteration could have 
been localized by the outcrop pattern at the surface if the 
basal Frontier shale, within the outcrop of which the sagged 
area occurs, was more subject to fracturing and infiltration 
by water than the surrounding formations.
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Diagenetic effects observed in the Tensleep Sandstone, 
including the porosity enhancement that made the sand suitable 
to be an oil reservoir, could be explained by an influx of 
meteoric waters through shallow fractures created during the 
Laramide orogeny, prior to the accumulation of hydrocarbons 
(Akhtar, 1991). The presence of a shallow, low-velocity zone 
caused by water-altered rock would fit with Akhtar's descrip­
tion of the flow of waters from the surface down to the 
Tensleep.
There are no sonic logs available from the area with the 
shallow velocity anomaly on which low-velocity, altered rock 
might be detected and there are few sonic logs outside the 
area for comparison. Several shallow density and neutron logs 
exist within and outside the area of interest. Analyzing 
these logs for evidence of changes in the rock would be inter­
esting, but it was not done as part of this study.
Stacking Velocities
An attempt was made to find other evidence for a velocity 
decrease at the crest of the anticline. The only available 
sonic logs in the survey area were run in the 10-6-3 well and 
the 37 well, both of which were outside the area of sagged 
reflections. The usefulness of sonic logs that may become 
available in the future, for detecting velocities lowered by 
fracturing, is doubtful, as was stated above.
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The stacking velocities from the twelve macrobin loca­
tions in the 3-D survey were examined for indications of lat­
eral velocity changes. I first reviewed the data quality of 
the macrobin gathers (Fig. 26) and the accuracy of the veloc­
ity analyses performed on them (Fig. 27) . There is some noise 
in the data, but not enough to have hindered the analyses. 
The fact that the reflections in the macrobin gather (Fig. 26) 
have been properly flattened by the NMO corrections indicates 
that appropriate stacking velocities were picked. On the 
velocity spectrum (Fig. 27) corresponding to the macrobin 
gather, no more accuracy or detail in picking stacking veloci­
ties is possible.
I identified the reflections to which the picks most 
nearly coincided on three unmigrated dip lines that passed 
through the twelve macrobin locations. The first reflection 
that could be confidently used for velocity analysis across 
the whole survey was the lower Morrison reflection. There­
fore, interval velocities for the shallow section of interest, 
above the lower Morrison, could not be calculated from the 
stacking velocities.
No trend related to structure or the area with sagged 
reflections was observed in the lower Morrison stacking veloc­
ities (Appendix E) . In general, stacking velocities increased 
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survey were higher than those on the east and west sides. It 
was also observed that the stacking velocities were consisten­
tly and significantly higher than root-mean-square (rms) 
velocities determined from the model by normal-incidence ray- 
tracing to the five modeled reflectors, from each of the 
macrobin locations. These rms velocities and my identifica­
tion of the reflections used in the velocity analyses are also 
in Appendix E.
The disparities between stacking and rms velocities may 
not be unreasonable. Since the structure at South Casper 
Creek is an anticline, not flat layers, the raypath to a 
reflector is somewhat different for each trace in a given 
macrobin gather, passing through different rock layers at 
different angles, depending on offset and azimuth. The stack­
ing velocity for the reflection is the velocity that will 
optimally correct the time of the reflection for normal move- 
out on all the traces in the macrobin gather. Therefore, the 
dissimilarities between stacking and rms velocities can per­
haps be attributed to the differences in how the velocities 
were derived.
Muddv Reflection
As was stated in the chapter on Isotropic Modeling, the 
Muddy reflection does not continue over the crest of the anti­
cline in the real data. The reason for this was investigated
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because it might relate to fracturing on the anticline's 
crest. Fracturing could reduce the velocity of the Muddy and 
thus the reflection coefficient of its interface with the 
lower velocity shale above, resulting in little or no reflec­
tion. It could also be that anisotropy associated with frac­
turing had distorted the normal moveout (NMO) of the Muddy 
reflection to such an extent that the traces were not properly 
corrected for NMO, with a degraded stack and no reflection as 
the result. The effect of anisotropy on stacking is discussed 
in the chapter on Anisotropic Modeling.
It was found, however, that the most likely reason for 
the lack of a Muddy reflection on the crest is not fracturing 
but simply that the reflector is too shallow to be imaged, 
given the acquisition design. The depth factor is suggested 
by fact that the Muddy reflections are consistently absent for 
reflection times earlier than about 140 ms.
The depth to the Muddy is just over 400 ft, and the 
receiver interval was 100 ft. This means that at best there 
were relatively few offsets unaffected by the air blast or the 
mute applied after NMO correction that could contribute to the 
stack at the Muddy horizon. The survey was designed to image 
the Tensleep level, so it is not surprising that the shallow­
est horizon does not give a good reflection on the final seis­
mic sections.
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Figure 28 is an NMO-corrected CMP gather from Macrobin 
84,64 on the crest of the anticline. A coherent reflection 
from the Muddy is not visible at 129 ms, the time when normal 
incidence raytracing of the model said that the reflection 
should come in. The peaks at about 150 ms may be the Muddy 
reflection, but they are few in number relative to the traces 
recording the deeper reflections and considering that traces 
from nine CMP bins were combined to form the macrobin gather. 
The other two macrobins along SLINE 84 had even less coherency 
at the Muddy level.
Unocal acquired a much smaller 3-D survey near the crest 
of the anticline (Fig. 3) and had better success in imaging 
the shallow section. The Muddy reflection was continuous 
across the survey, not terminating as it had on the RCP data 
(Davis, 1991). Unlike the RCP survey, Unocal used dynamite 
sources and had receivers buried 30-ft below the surface and 
spaced 50-ft apart, half the spacing used by the RCP. The use 
of dynamite and buried receivers would have reduced the noise, 
and the 50-ft receiver spacing would have doubled the fold 
compared with a spacing of 100 ft.
In their report on the data processing, Golden Geophysi­
cal (1991) stated "Some cultural noise from wells, pipelines, 
and steam injection plants was present on data from the cen­
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getting a reflection from the Muddy.
The reasons why the Muddy could not be imaged on the 
crest of the anticline can be summarized as too little signal 
and too much noise.
Stacking of Shallow Reflections
I was concerned that if there were any Muddy reflections 
from the anticline's crest, they might have been under-correc­
ted for NMO, since the stacking velocities were consistently 
higher than the rms velocities from modeling. To investigate 
this possibility, a modeling program, TRISO, was used to build 
a model that would represent the velocity structure on the 
crest of the anticline in the vicinity of Macrobin 84,64. 
TRISO is an anisotropic modeling program that will be dis­
cussed more fully in the chapter on Anisotropic Modeling.
The model that was created had flat, isotropic layers, 
and is described under Case 2, Isotropic in Appendix H. The 
TRISO model (Fig. 29) was consistent with the Sierra model but 
contained more layers so that reflection amplitudes as well as 
travel times could be modeled. Raytracing was done from a 
vertically polarized (P-wave) source into 25 vertical receiv­
ers with offsets ranging from 50 ft to 2450 ft.
Figure 3 0 shows a raw shotgather generated from the model 
and Figure 31 is a plot of the same data after T2 gain correc­
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Fig. 30 Case 2, isotropic - raw shot gather. Stacking 
velocities for the Muddy and lower Morrison reflections are 









1 0 0 0  2 0 0 0
0.1-
Muddy
0.2- L. Morrison' I7' < V  'it VI' t ? 'CUJ'JC' 




Fig. 31 Case 2, isotropic - processed shot gather. Stacking 
velocities from the velocity analysis of the reflections from 
the Case 2 isotropic model were used for NMO correction.
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with a mute for time samples stretched more than 50%. NMO 
correction was based on stacking velocities picked from the 
modeled data themselves using a velocity analysis program. 
The last trace is a stack of the ones to the left. It can be 
seen that both the Muddy and the lower Morrison reflections 
are well corrected for NMO and result in a good stack.
In Figure 32, the same data have been processed with the 
same flow as before, including scaling, except that NMO cor­
rection was made with the stacking velocities from Macrobin 
84,64. The lower Morrison reflection in the stacked trace is 
much poorer, and the Muddy reflection is not even visible. On 
the real data, however, the lower Morrison gives a strong 
reflection everywhere.
There is also no observable residual NMO in the macrobin 
gathers that would indicate the stacking velocities were too 
high. The fact that the stacking velocities that were used 
seem to have been appropriate would indicate that the veloci­
ties in the model are somehow not correct, even though modeled 
reflections match well those in the migrated data. On the 
other hand, perhaps the differences in real and modeled stack­
ing velocities on the crest of the anticline can be attributed 
to lateral velocity variations, which were not included in the 
TRISO model.

















Fig. 32 Case 2, isotropic - shot gather processed with 
actual stacking velocities from Macrobin 84,64.
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part of the Seismic Unix (SU) software system, developed by 
the Center for Wave Phenomenon at the Colorado School of 
Mines.
Crow Mountain Reflection
The real Crow Mountain reflection is delayed relative to 
the modeled reflection in a small area on the south flank of
the anticline, south of the area with the time sag that has
already been described. The discrepancy is as large as 8 ms 
and appears on XLINES 43, 50, and 57 (Figs. 16 through 19).
However, it is easiest to see on SLINE 50. The magnitude of
the mismatch is too large to have been caused by gas in the 
overlaying Canyon Springs Sandstone, based on the calculations 
described earlier, and in addition, the discrepancy does not 
consistently coincide with where the Canyon Springs Sandstone 
is thickest.
The most likely explanation for the mismatch is a break­
down in the assumption that reflections can be tied everywhere 
to a single geologic horizon. Unlike the other four reflec­
tions that were modeled, the Crow Mountain reflection did not 
correspond to an increase in velocity on the sonic logs. Thus 
it may be a composite reflection that changes as the stratig­
raphy changes. Indeed, the character of the reflection does 
change from being a weak lower peak in a doublet on the north 
side of the field to being a very strong peak on the south
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side. There is no obvious change in character in the vicinity 
of the mismatch, however. Another possible explanation for 
the delay in the real reflection is the presence of some other 
kind of lateral velocity decrease in the section above the 
Crow Mountain.
Nowood and Amsden Reflections
The Nowood and Amsden reflections from the model do not 
match well the reflections in the real data. One way in which 
the reflections deviate from the model is systematic in that 
the Nowood and Amsden reflections follow trends in the lower 
Morrison and Crow Mountain reflections. At XLINE 10, on the 
west side of the survey, the Nowood reflection is about 8 ms 
earlier than the modeled reflection. The lower Morrison and 
Crow Mountain reflections are also early, as was discussed 
above. The discrepancy at the Nowood level decreases to 4 ms 
on XLINE 20, and on XLINE 29 (Fig. 15), which passes through 
the 10-6-3 well, the match on the crest is exact, as is that 
of the shallow reflections. Moving further east through the 
area of sagged shallow reflections (Fig. 17), the real Nowood 
reflection comes in 8-15 ms later than that from the model. 
This time sag is similar in magnitude to the time sag of the 
shallow reflections, but the discrepancies at the deeper 
levels are not confined to an area on the crest of the anti­
cline. Rather, the real reflections generally parallel the
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modeled reflections.
It does not seem reasonable that the time mismatches of 
the Nowood and Amsden that were described above could have 
been caused by the same low-velocity anomaly that sagged the 
lower Morrison and Crow Mountain reflections. The time delay­
ing effect of a shallow anomaly should decrease with time, as 
was seen at the anticline in China, due to undershooting. 
That is, for a deeper reflection in a given CMP gather located 
above a shallow anomaly, a larger portion of the stackable 
traces will be from offsets long enough so that the raypaths 
go around the anomaly instead of through it. Since the time 
mismatch persists down to the Nowood and Amsden levels and in 
fact, is broader than it was at the shallow reflections, it 
may be that there is also a reduction of the velocities in the 
Crow Mountain-Nowood interval. This deep velocity reduction 
might also be due to fracturing, the cause I proposed for the 
shallow time sag.
Testing the validity of velocity distributions that might 
have caused the time mismatches at the Nowood and Amsden would 
require the inclusion of offset, which would allow undershoot­
ing to be investigated. The image-ray raytracing that was 
done, however, simulates migrated zero-offset traces. Offset 
raytracing of 2-D models could be done to generate CMP gathers 
that could then be processed and compared with the real data.
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Another approach might be to reprocess the real seismic data, 
sorting the traces in each CMP gather into offset ranges, and 
processing each offset-limited data set independently to a 
migrated section. The offset-limited sections could then be 
compared to understand what undershooting may have done to the 
data. A near-offset section should correspond to the image- 
ray raytracing that I did.
Mismatches at the Nowood and Amsden levels of a second 
type are observed on XLINES 10, 20, and 29 (Fig. 15) . On most 
of the lines, such as XLINE 57 (Fig. 17) , the time differences 
between the real and modeled Nowood (and Amsden) reflections 
are approximately the same on the south flank as they are on 
the crest. In other words, the real and modeled reflections 
parallel each other, as was described earlier. However, on 
XLINES 10, 20, and 29 (Fig. 15) , the real reflections have 
more dip on the flanks than do the modeled ones, even where 
there is well control to support the shapes of the modeled 
reflections. The real reflections appear to be over-migrated, 
but there is no obvious reason why they should be. The migra­
tion velocity field along XLINE 23, near the lines with appar­
ently over-migrated reflections, was similar to what it was 
along XLINES 43 and 63, where the time shape appears to be 
correct.
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with the real reflections that had been migrated at 80% of 
stacking velocities. In this case, the real reflections are 
under-migrated relative to the modeled reflections. A per­
centage between 80% and 100% would therefore give the best 
match on the flanks. Since using 100% had been found to be 
optimal for imaging small faults on the anticline's crest, it 
may be that, along XLINES 10, 20, and 29, the migration veloc­
ity field adequately represents the velocities on the crest, 
but not the velocities on the flanks.
There is also a poor match of the deep reflections with 
those from the model on the north flank of the anticline. In 
this case, the real reflections have flatter dips than they 
should, based on well control. This feature may be observed 
on XLINES 43, 50, and 57 (Fig. 17). Again, perhaps the migra­
tion velocities are not quite correct on the flanks.
Determining the appropriateness of the migration velocity 
field was not a high priority in this project, and the subject 
has not been investigated further. It could be enlightening 
to remigrate a 2-D dip line using a velocity field derived 
from the model and then to compare the results with the origi­
nal migration and with the image-ray reflections from the 
model. Prior to doing this, however, it would probably be a 
good idea to model the unmigrated data by normal incidence 
raytracing. If the modeled and real unmigrated reflections
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matched on the flanks of the anticline, it would give more 
confidence that the model was correct in its structure and 
velocities before testing the migration velocities.
The third type of mismatch at the Nowood level is due to 
faulting. To avoid complexity, faults had not been put into 
the model initially. A jump of about 5 ms in the Nowood and 
Amsden reflections on XLINE 57 (Fig. 17) , not seen in the 
modeled reflections, is due to a small fault. There are other 
faults that break the deep reflections on the anticline, some 
with offsets as large as 12 ms, or about 80 ft. Most are 
estimated to be less than 50 ft in vertical displacement. 
There is also evidence in the wells for faults at the Nowood 
level. Faults were not added to the deep reflectors in the 
final model because the investigation of time sag of the shal­




When fractures are present in a rock, they cause the 
velocities of seismic waves to be anisotropic, that is, the 
velocities are dependent on the direction of propagation 
through the fractured medium. A single fracture direction 
creates the simplest form of anisotropy, called transverse 
isotropy. If the fractures are horizontal, the axis of sym­
metry for the transverse isotropy is vertical, whereas for 
vertical fractures, the axis of symmetry is horizontal and the 
condition is referred to as azimuthal anisotropy. The orien­
tation of the fractures can be uniquely described by the 
direction of the normal to the fracture planes, which is also 
the axis of symmetry for the anisotropy.
The slowest velocities for both P- and S-waves are for 
raypaths perpendicular to the fractures. Propagation parallel 
to the fractures gives the fastest velocities for P-waves and 
S-waves, if polarization is parallel to the fractures. S- 
waves that travel parallel to the fractures but vibrate per­
pendicular to them are slow, having the same velocity as the 
S-waves that propagate perpendicular to the fractures and 
vibrate parallel to them.
In general, when an S-wave encounters an anisotropic
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medium, it splits into two S-waves with perpendicular polari­
zations and different velocities. The time difference between 
the two S-waves is maximum for propagation parallel to the 
fractures. For the case of vertical propagation through a 
medium with vertical fractures, the shear-wave splitting 
allows S-wave anisotropy (related to fracture intensity) to be 
measured and the fast shear wave polarization (fracture) 
direction to be determined, as was done with the near-offset 
VSP in the 10-6-3 well.
P-waves do not split in an anisotropic medium and there­
fore do not carry as much information about fractures as do S- 
waves. The velocity of P-waves is determined by the propaga­
tion direction, but the amount of anisotropy is generally less 
than for S-waves. For these reasons, P-waves have not been of 
nearly as much interest in the study of fractures as have S- 
waves.
For a transversely isotropic medium, five independent 
elastic constants, plus the direction of the symmetry axis to 
which they are referenced, are needed to completely describe 
the velocities of P-waves and S-waves propagating in any 
direction. By comparison, P- and S-wave propagation in an 
isotropic medium can be described with only two constants. As 
with an isotropic medium, the constants that describe a trans­
versely isotropic medium may be expressed in different forms.
T-4137 90
A convenient system is the one used by Thomsen (1986). The 
five constants he used were the slow P-wave velocity (Vp2) , 
the slow S-wave velocity (Vs2), epsilon, gamma, and delta.
epsilon = (Vpl2 - Vp22) / 2Vp22 
gamma = (Vsl2 - Vs22) / 2Vs22
In the case of a weakly anisotropic rock, epsilon and gamma 
are approximately equal to the P- and S-wave anisotropies, 
respectively, if velocity anisotropy is defined as (Vl-V2)/V2. 
Delta determines the velocities of P-waves and SV-waves, which 
vibrate in a plane that contains the symmetry axis (assumed 
here to be vertical), for propagation angles that are neither 
parallel nor perpendicular to the axis.
Elliptical anisotropy is a special case of transverse 
isotropy in which the wavefronts of P-waves are elliptical. 
In this case, delta is equal to epsilon and the velocity of a 
P-wave propagating at a 45° angle to the symmetry axis is the 
average of Vpl and Vp2. The velocity of an SV-wave in an 
elliptically anisotropic medium is independent of angle, 
therefore, the wavefront of an SV-wave is spherical. SH-waves 
have elliptical wavefronts in all cases of transverse iso­
tropy .
It is difficult to determine all five elastic constants, 
even with a multicomponent VSP like the one run in the 10-6-3
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well. For a VSP and vertical fractures, Vsl, Vs2, and Vpl can 
be measured directly. Gamma can be calculated from Vsl and 
Vs2, and a reasonable guess at epsilon can hopefully be made 
by assuming some relationship between the magnitudes of S-wave 
and P-wave anisotropies. The fifth parameter, delta, cannot 
be measured from a near-offset VSP since it determines veloci­
ties of seismic waves propagating at acute angles to the sym­
metry axis. In this modeling, I obtained delta by assuming 
elliptical anisotropy. There is no reason why such a special 
case of anisotropy should exist. However, I felt that the 
assumption of elliptical anisotropy was better than an uncon­
strained guess at the value of delta.
Objective of Modeling
Intense vertical fracturing in the subsurface is inter­
preted to have caused a time sag of the lower Morrison and 
Crow Mountain reflections on the crest of the South Casper 
Creek anticline due to a lowering of the vertical P-wave 
velocity. Fractures are also known to cause anisotropy in the 
velocity of seismic waves, as has been described above. 
Usually P-wave anisotropy is not a concern in seismic data 
processing and interpretation, but because the fracturing on 
the crest of the anticline is believed to be especially 
intense in the area of the sagged reflections, there was a 
possibility that it might have distorted the P-wave NMO and
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AVO within the CMP gathers, and thus degraded the Muddy and 
lower Morrison reflections.
The objective of anisotropic modeling was to determine 
the significance of these effects caused by P-wave anisotropy 
in the area of the sagged shallow reflections.
Modeling Capabilities
The program TRISO was used in the modeling. This pro­
gram, originally created by Sebastien Geoltrain (1989), is 
currently being upgraded and generalized by Phil Anno at CSM. 
TRISO, as its name implies, can model rocks with transverse 
isotropy, that is, rocks described by one axis of symmetry and 
five independent elastic constants. The program allows the 
symmetry axis to point in any direction. Models created in 
TRISO have horizontal layers, each with its own elastic con­
stants and symmetry axis orientation. Isotropic layers may 
also be included.
In TRISO, raytracing is done from a vibrator source, 
which may have any orientation, into a line of three-component 
receivers on the surface. The azimuth of the line is speci­
fied as are the near-offset, spacing, number, and azimuthal 
orientation of the receivers. The user chooses the raypath 
from source to receiver, which may include multiple reflec­
tions and mode conversions. Shot gathers are the output of 
the program, and the reflections have the proper amplitude and
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phase, based upon elastic reflection coefficients and geo­
metric spreading.
Creation of Models
The subsurface on the crest of the anticline, down to the 
lower Morrison reflector, was simulated in TRISO with a model 
consisting of eight layers, the eighth being a half-space 
(Fig. 29) . The model was more detailed than the isotropic 
model created with the Sierra system so that the amplitudes 
and phases, as well as travel times, of the Muddy and lower 
Morrison reflections could be modeled. Depths to the two 
reflectors, however, were consistent with their depths in the 
Sierra model in the area of sagged reflections.
Three cases of anisotropy in the subsurface were simula­
ted with the modeling. For each case, the same layer thick­
nesses were used and the properties of Layers 1, 2, and 8 were 
held constant. Layers 1 and 8 were isotropic and represented 
the weathered layer and the lower Morrison, respectively. 
Layer 2, the basal Frontier shale, was made to be transversely 
isotropic to be consistent with the finding by Hugo Vieytes 
(1992) that the subweathering layer on the anticline's crest 
exhibited this type of anisotropy. To create the three cases 
of anisotropy, the velocities of Layers 3-7 were varied. The 
azimuth of vertical fractures in the models was 0° and ellip­
tical anisotropy was assumed for all anisotropic layers.
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Case 1 represented the velocities outside the area of 
sagged reflections and was based on the P-wave velocities used 
in the Sierra model and S-wave velocities determined from the 
10-6-3 well's near-offset VSP (Appendix I) . Time-splitting of 
fast and slow shear waves in the VSP indicates some shallow 
fracturing is present outside the area of sagged reflections, 
so anisotropic layers were included in Case 1.
The velocities in the sagged area were simulated in Case 
2. Since increased fracturing is interpreted to be the prin­
cipal cause of the time sag, the vertical P-wave velocities 
(Vpl) were lowered by 7.34% from those in Case 1 to match the 
delayed reflection times observed in the real data. Values 
for Vp2, Vsl, and Vs2 were chosen that would be consistent 
with the qualitative descriptions given by Paterson (1978) of 
the decreases in velocities and changes in Vp/Vs ratios that 
occur when a rock is fractured and the fractures are water- 
filled. It was assumed that the changes in rock properties 
caused by increased fracturing in the sagged area would be 
similar to those described by Paterson for the initial frac­
turing of a rock. In general, the velocities of S-waves are 
reduced more by fracturing than those of P-waves.
Case 3 simulated the reduction in velocities in the 
sagged area caused by filling the fractures of Case 1 with gas 
instead of water. The properties estimated for this case were
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even more uncertain than those for Case 2. Though Paterson 
(1978) also describes how velocities are reduced when a rock 
is fractured and the fractures are dry (gas-filled), he does 
not directly compare the properties of wet and dry fractured 
rock. In choosing velocities for Case 3, I assumed that the 
7.34% reduction in Vpl from that of Case 1 represented the 
incremental difference between "small" and "very small" 
decreases in Vpl caused by fracturing a rock and having the 
fractures filled with gas and water, respectively. I reduced 
Vp2 by 20% from its value in Case 1, which I assumed to cor­
respond to the incremental difference between "large" and 
"small" reductions in the Vp2 of a rock caused by the forma­
tion of gas- and water-filled fractures, respectively. The 
values for Vpl and Vp2 I used in Case 3 gave P-wave aniso­
tropies, defined here as (Vpl-Vp2)/Vpl, as high as 19%. Hsu 
and Schoenberg (1990) observed a P-wave anisotropy of 20% at 
low normal stress in their physical model of dry fractures. 
The S-wave velocities in my model were kept the same as in 
Case 1 because S-waves are insensitive to fluid saturation.
Isotropic versions of the three cases, using the vertical 
velocities, were also modeled. The isotropic modeling results 
could then be compared with those from the anisotropic model­
ing to determine the effects of the anisotropy itself. A 
total of six models were thus created, and their descriptions
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can be found in Appendix H, along with brief explanations of 
how the rock properties were obtained.
Shot Gather Generation and Processing
A vertically polarized (P-wave) source was used, having 
an 8-s sweep from 16 Hz to 120 Hz with 0.5-s tapers. This was 
the same sweep used in the acquisition of the real data. Four 
receiver arrays were created, with azimuths of 0°, 30°, 60°, 
and 90°. There were 25 receivers in each array, with a near­
offset of 50 ft, a receiver spacing of 100 ft, and a far-off- 
set of 2450 ft. Ray tracing was done to both the Muddy and 
lower Morrison reflectors in the three anisotropic models 
using each of the four receiver arrays. Also, the three iso­
tropic models were each raytraced into one array, resulting in 
a total of fifteen synthetic shot gathers.
The shot gathers were processed using Seismic Unix (SU) 
programs. Each trace in all the gathers was first given a 
header that specified the number of time samples, the sampling
interval (2 ms), and the offset. Next, a T2 gain correction
\
was applied to each trace. Stacking velocities for the Muddy 
and lower Morrison reflections were then picked on the gathers 
from the three isotropic models using the velocity analysis 
program SUVA. Traces at far offsets that exhibited phase 
changes were not included in the velocity analyses.
A 16-32-60-120 Hz bandpass filter, followed by NMO cor­
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rection, was then applied to all the gathers. Each of the 
three stacking velocity functions was used to NMO-correct the 
gather from which it was picked as well as the four gathers 
generated from the corresponding anisotropic model. Time 
samples stretched more than 50% by the NMO correction were 
muted. A single velocity function was used for all five shot 
gathers generated for each case so that the anisotropic 
effects could be more easily seen and because, in a zero-dip 
area such as the crest of the anticline, only one stacking 
velocity would, in fact, be applied to all the traces in a CMP 
gather, regardless of azimuth.
When each processed shot gather was displayed, a stacked 
trace of the gather, scaled by 0.1, was plotted on the right 
side.
Discussion of Results
Figures 34 through 39 are raw and processed shot gathers 
from the Case 1 isotropic model and from the Case 1 anisotro­
pic model using the receiver lines oriented 30° and 90° from 
the fracture direction. The shot gather from the anisotropic 
model and the line along the fracturing is not shown because 
it is essentially identical to the gather from the isotropic 
model. Also not shown is the gather from the receiver line 
oriented 60° from the fracture direction because it is similar 











Fig. 34 Case 1, isotropic - raw shot gather. Stacking 
velocities for the Muddy and lower Morrison reflections are 












Fig. 35 Case 1, anisotropic, receiver line oriented 30° from 












Fig. 36 Case 1, anisotropic, receiver line oriented 90° from 














Fig. 37 Case 1, isotropic - processed shot gather. Stacking 
velocities from the velocity analysis of the reflections from 
the Case 1 isotropic model were used for NMO correction.
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Fig. 38 Case 1, anisotropic, receiver line oriented 30° from 
fractures - processed shot gather. Stacking velocities from 
the velocity analysis of the reflections from the Case 1 iso­












Fig. 39 Case 1, anisotropic, receiver line oriented 90° from 
fractures - processed shot gather. Stacking velocities from 
the velocity analysis of the reflections from the Case 1 iso­
tropic model were used for NMO correction.
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Case 1 represents the velocities outside the area of 
sagged shallow reflections. It can be seen that the two 
gathers from the anisotropic model (Figs. 38 and 39) have been 
reasonably well corrected for NMO and yield good stacked 
traces when compared with the stacked trace from the isotropic 
model (Fig. 37) . As would be expected, the gather from the 
receiver line oriented at 90° to the fracture direction (Fig. 
39) still has some residual moveout because, of the four rays 
recorded by the receivers at a given offset on the four 
receiver lines, the ray that traveled to the receiver on the 
90° line made the smallest angle with the symmetry axis. The 
stacked trace from the 90° line is somewhat reduced in ampli­
tude and distorted in phase, but is not unacceptable. Based 
on the gathers generated from Case 1, it can be said that 
including all azimuths in a CMP gather located outside the 
sagged area should not adversely affect the final stacked 
trace from that gather.
Figures 30, 31, and 40 through 43 are from the isotropic 
and anisotropic models of Case 2, which represents velocities 
in the sagged area that have been reduced by more intense ver­
tical fracturing. In the three gathers from Case 2, the lower 
Morrison reflection is higher in amplitude than in Case 1 
because the velocities above the lower Morrison have been 
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Fig. 40 Case 2, anisotropic, receiver line oriented 30° from
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Fig. 41 Case 2, anisotropic, receiver line oriented 90° from
















Fig. 42 Case 2, anisotropic, receiver line oriented 30° from 
fractures - processed shot gather. Stacking velocities from 
the velocity analysis of the reflections from the Case 2 iso­
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Fig. 43 Case 2, anisotropic, receiver line oriented 90° from 
fractures - processed shot gather. Stacking velocities from 
the velocity analysis of the reflections from the Case 2 iso­
tropic model were used for NMO correction.
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unusually high amplitudes of the lower Morrison reflection at 
offsets near 1300 ft. The high amplitudes near this offset 
are accompanied by phase changes in the raw data (Figs. 30, 
40, and 41) and appear to be due to reflection near the criti­
cal angle.
On the two stacked traces from the Case 2 anisotropic 
model (Figs. 42 and 43), the wavelet from the Muddy has been 
reduced in amplitude and broadened due to residual NMO in the 
gather. The quality of the lower Morrison reflection on the 
stacked trace of the gather from the 30° line (Fig. 42) is 
good, while on the 90° line (Fig. 43) , its quality is only 
fair. The traces in that gather did not stack well because 
the NMO was under-corrected. The larger residual moveout of 
the lower Morrison reflection, which resulted in the poor 
stack, was caused by the greater anisotropy in the Case 2 
model. Such residual moveout could potentially degrade the 
stack of traces in a CMP gather if a significant number of the 
traces came from azimuths that made a large angle with the 
fracture direction.
Figures 44 through 49 come from Case 3, which simulates 
the anisotropy that might be caused by filling fractures of 
normal intensity with gas rather than water. The lower Morri­
son reflections near the critical angle are larger than in 













Fig. 44 Case 3, isotropic - raw shot gather. Stacking
velocities for the Muddy and lower Morrison reflections are
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Fig. 45 Case 3, anisotropic, receiver line oriented 30° from













Fig. 46 Case 3, anisotropic, receiver line oriented 90° from
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Fig. 47 Case 3, isotropic - processed shot gather. Stacking
velocities from the velocity analysis of the reflections from

















Fig. 48 Case 3, anisotropic, receiver line oriented 30° from 
fractures - processed shot gather. Stacking velocities from 
the velocity analysis of the reflections from the Case 3 iso­









Fig. 49 Case 3, anisotropic, receiver line oriented 90° from 
fractures - processed shot gather. Stacking velocities from 
the velocity analysis of the reflections from the Case 3 iso­
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anisotropic model (Figs. 45 and 46) is larger than what was 
present in the Case 2 gathers because of the large reduction 
in Vp2 due to the gas. There is also a noticeable decrease in 
amplitude with offset in the Case 3 gathers (Figs. 44 through 
46), compared with the gathers from Cases 1 and 2, but it does 
not affect the stacked traces (Figs. 47 through 49) because of 
the stretch muting.
On the gather from the 30° line (Fig. 48) , the Muddy 
reflection on the stacked trace is still acceptable, but 
residual NMO has reduced the amplitude of the lower Morrison 
reflection and has distorted its form. The residual NMO on 
both reflections is so large on the gather from the 90° line 
(Fig. 49) that there is essentially no reflection from the 
Muddy on the stacked trace and the lower Morrison reflection 
is severely reduced and distorted. Obviously, for anisotropy 
of this magnitude, a gather of traces with a range of azimuths 
could not be corrected well for NMO with a single stacking 
velocity and a stacked trace reduced in amplitude, and perhaps 
distorted in form would be the result.
The anisotropic modeling showed that, in most areas of 
the South Casper Creek survey (Case 1) , P-wave anisotropy does 
not interfere with NMO correction or stacking. The area of 
sagged reflections should have greater anisotropy, which 
potentially could affect the stacking of shallow reflections,
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especially if the increase in anisotropy is due to the pre­
sence of gas (Case 3). Since the sagged area is in the cen­
tral part of the survey, it should have traces from a wide 
distribution of azimuths contributing to the stack. The lower 
Morrison reflection from that area, however, is similar in 
amplitude and character to reflections from that horizon out­
side the sagged area. This indicates that the P-wave aniso­
tropy is not as strong as was modeled in Case 3, and perhaps 
argues against gas being the primary cause of the velocity 
sag.
It is also likely that the effects of anisotropy on the 
stacking of the real data would have been lessened by the use 
of stacking velocities that were lower than the stacking 
velocities for a receiver line oriented parallel to the frac­
tures, and higher than those for a receiver line at 90° to the 
fractures. It would be interesting to look at the lower Mor­
rison reflection on azimuth-limited, NMO-corrected, CMP 
gathers from the area of sagged reflections to see if some 
azimuths are over- or under-corrected, which could indicate 
that significant anisotropy is present.
The confidence that can be placed in the conclusions 
drawn from anisotropic modeling are, of course, limited by the 
uncertainties in the velocity values that were put into the 
models themselves. Case 1 required that values for epsilon
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and delta be essentially guessed. More guessing was required 
for Case 2, and the values of Vp2 that were estimated for Case 
3 probably introduced the largest uncertainties of all.
VSP Time Mismatch
As was mentioned in the chapter on Isotropic Modeling, it 
was observed that the arrival times of the down-going P-wave 
at the Muddy and lower Morrison reflectors were 4 ms earlier 
than expected, based on the times observed for deeper reflec­
tors and the isochrons between known reflections in the sur­
face seismic data. I investigated the 4-ms time mismatch 
because I suspected that it was caused by anisotropy and non­
vertical raypaths in the shallow section.
The near-offset source point of the VSP was located 281 
ft, S59W from the 10-6-3 well and 7 ft below the elevation of 
the well's depth reference point (kelly bushing). From this 
geometry, the angles from vertical of straight raypaths from 
the source to the Muddy at 451 ft and to the lower Morrison at 
808 ft were calculated to be 32° and 19°, respectively.
The basal Frontier shale is below the weathered layer on 
the crest of the anticline and, according to the work of Hugo 
Vieytes (1992) , this layer is transversely isotropic. There­
fore, the more nearly horizontal a raypath is through this 
layer, the higher velocity it will experience. Potentially, 
the raypaths from the VSP source to the receiver stations near
T-4137 119
the Muddy and lower Morrison might have experienced higher 
velocities through the subweathering layer than did rays 
traveling nearly vertically to receivers at the deep reflec­
tors.
I modified the Case 1 anisotropic model to simulate the 
layer thicknesses seen by the 10-6-3 well. Two receivers were 
used and were placed on the surface at 562 ft and 0 ft from 
the source in order to model the near-offset raypath and a 
vertical raypath, for comparison. Since source and receivers 
were on the surface, the modeled travel times would need to be 
divided by two to be equivalent to the VSP down-going times. 
The angle that the source-receiver azimuth made with the 
direction of vertical fracturing was 60°, as it had been in 
the actual VSP.
Raytracing gave one-way times to the Muddy and lower 
Morrison, for the zero-offset case, of 68 ms and 109 ms, re­
spectively. The one-way times to the two reflectors for the 
near-offset case were 78 ms and 115 ms. The near-offset times 
were corrected to zero-offset by assuming, as was done in 
Appendix A, that the ratio of zero-offset time to near-offset 
time is equal to the ratio of vertical path length to slant 
path length. Zero-offset times calculated in this way for the 
near-offset case were 66 ms and 109 ms.
The calculated Muddy zero-offset arrival time is thus 2
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ms earlier than the true zero-offset (vertical) arrival time. 
This time mismatch is smaller but comparable to the 4 ms that 
is observed in the real VSP. At the lower Morrison, however, 
both near-offset and zero-offset cases give the same zero- 
offset arrival time of 109 ms, unlike the real data.
Raytracing was also done through an isotropic model with 
the same vertical velocities as were used in the anisotropic 
model. Based on the near-offset arrival times that were 
obtained from the isotropic model, zero-offset times for the 
Muddy and lower Morrison were calculated to be 66 ms and 108 
ms, respectively. These times are essentially the same as the 
zero-offset times calculated for the anisotropic model. This 
indicates that anisotropy is probably not the cause of the 
mismatches between the zero-offset arrival times predicted 
from the Sierra model and those calculated from the VSP.
The time mismatch at the Muddy horizon might be explained 
by raypath bending caused by a velocity structure that is more 
complex than what I modeled. However, it seems unlikely that 
making the velocity model more detailed would be able to 
explain the 4 ms mismatch at the lower Morrison. Perhaps 
there was a timing error for the shallow receiver stations. 
The question of the time mismatches at the two reflectors did 
not seem significant enough to warrant further study.
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CONCLUSIONS AND RECOMMENDATIONS
Synthetic data created from a model of the South Casper 
Creek structure closely match the migrated P-wave data over 
most of the field. In the model, the variable P-wave transit 
time through the weathered layer appears to have been ade­
quately accounted for by smoothly varying the velocity in the 
layer. The model*s low complexity and its integration of sur­
face and subsurface control give confidence that the model is 
generally accurate.
Modeling showed that the sagging reflections on the crest 
of the anticline were caused by a shallow, low-velocity anoma­
ly and were not a true representation of the structure. The 
sagging reflections are an example of the fact that a seismic 
time section is not the same as a geologic cross-section, 
which is scaled in depth.
The low-velocity zone is most likely caused by vertical 
fracturing above the lower Morrison reflector that is locally 
more intense than shallow fracturing that may occur elsewhere 
in the field. Gas may be present in the fractures and may 
contribute to the velocity reduction. An unequivocal inter­
pretation of the low-velocity anomaly's origin requires more 
information than can be gained from vertical P-wave velocities 
alone. Multicomponent shear-wave data from the area of the
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sagging reflections could help distinguish between fractures 
and gas because, relative to P-waves, S-waves are insensitive 
to the type of fluids in a rock, but their velocities are 
reduced more by the presence of fractures.
The detection of intense shallow fracturing in the area 
of the velocity anomaly is significant because it demonstrates 
that the existence of pathways from the surface to the Ten- 
sleep Sandstone is likely. This is consistent with the sug­
gestion by Akhtar (1991) that the porosity of the Tensleep at 
South Casper Creek was improved through the action of meteoric 
waters. If the shallow section in the vicinity of the frac­
turing was found to be altered by water from the surface, it 
would give further support to Akhtar's theory. Observation of 
shallow, sagging reflections on another anticline could be an 
indication of porosity enhancement at deeper levels.
If it is determined that the low-velocity zone is caused 
by fractures with a gas saturation, there is a possibility 
that the leaking gas may have filled a shallow reservoir that 
so far has been undetected at South Casper Creek. If gas dis­
persed in the shallow section is the primary cause of the low- 
velocity anomaly, sagging reflections on other structures 
could indicate the possible presence of deeper hydrocarbon 
reservoirs, from which the gas has leaked.
The practicality of using sagging seismic reflections as
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an exploration tool is limited, however. If a region of sag­
ging reflections on another anticline had dimensions similar 
to those of the anomalous area at South Casper Creek, the 
detection of the sag would require a closely spaced grid of 
seismic data, likely more closely spaced than is commonly used 
for initial exploration work. Also, the sagging reflections 
at South Casper Creek were found to be caused by a shallow, 
low-velocity anomaly only after the true shape of the struc­
ture was determined with the help of a considerable amount of 
well control. If only a few wells were present on the anti­
cline, as would be the case if the structure was a target of 
exploration, it would be impossible to determine if the sag­
ging reflections were caused by a low-velocity anomaly or 
represented the true structure.
Because the low-velocity anomaly is shallow and local­
ized, the image-ray raytracing that was done did not ade­
quately simulate the real data, since undershooting of the 
anomaly would have occurred at the long offsets. To better 
understand the velocity structure below the anomaly and how 
undershooting has affected the final data sections, a differ­
ent approach will need to be taken. Offset raytracing of a
2—D model could be done to generate synthetic CMP gathers that 
could be processed and compared with the real data. Alterna­
tively, the actual recorded traces could be sorted into off­
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set-limited data sets, processed independently, and then com­
pared to see the effects of undershooting.
The stacking of reflections on the crest of the anticline 
does not appear to have been adversely affected by P-wave 
anisotropy, even in the area believed to be more intensely 
fractured. However, it would be interesting to look at the 
lower Morrison P-wave reflection on azimuth-limited, NMO-cor- 
rected, CMP gathers from the area with the sagged reflections. 
Over- or under-correction of the traces for NMO, depending on 
azimuth, in this relatively flat area would indicate the pres­
ence of P-wave anisotropy.
The presence of the anomalous area could also impact the 
processing of the shear-wave data. If the sag is purely due 
to the presence of gas, the shear-wave velocities should be 
relatively unchanged. However, if more intense vertical frac­
turing of the same orientation as is observed elsewhere in the 
field is part of the cause, the shear-wave reflections should 
also be sagged and even more time splitting should be observed 
than was seen in the VSP from the 10-6-3 well, which was loca­
ted in an unsagged area. Also, since S-wave anisotropy in a 
rock is typically larger than P-wave anisotropy, the stacking 
of S-wave traces in CMP gathers within the anomalous area 
could be more affected by residual NMO than were the P-wave 
data. If the additional fracturing is of a different orienta­
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tion, perhaps caused by east-west bending of the anticline, 
the S-wave anisotropy would be locally more complicated and 
processing would be even more difficult.
If additional multicomponent VSP data are acquired in 
South Casper Creek Field, it would be interesting to conduct 
the survey in a borehole within the low-velocity area so that 
the velocities of the fast and slow shear waves (Vsl and Vs2) 
as well as the velocity of the fast P-wave (Vpl) could be 
accurately measured and used to test the interpretation that 
the anomalous zone is caused by more intense fracturing. A 
far-offset P-wave VSP, combined with anisotropic modeling, 
could give more information about the slow P-wave velocity 
(Vp2) and possibly better values of the anisotropic elastic 
constant, delta. Knowing Vp2 would tell still more about the 
nature of the anomalous zone because Vp2 is much lower for 
gas-filled vertical fractures than it is for water-filled 
ones.
In future 3-D surveys, it would be worthwhile to do 2-D 
modeling during the early phases of processing, perhaps after 
subsets of the data have been processed in a 2-D sense. The 
modeling, which should integrate wells, synthetic seismograms, 
and VSPs, could help with choosing the best velocities and dip 
field to use in 3-D NMO correction. From the model could also 
be derived a velocity field for use in migrating the data.
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The model of South Casper Creek Field generated here 
might serve as a framework for future studies related to the 
processing and interpretation of the other data sets from the
3-D survey. These investigations might include generation of 
synthetic S-wave and P-SV data, model-based binning of P-SV 
data, inversion, and construction of more complex models 
needed in the study of anisotropy and reflection character as 
a function of angle.
From my work I have learned that modeling can help with 
seismic interpretation. Making a time map and converting it 
to depth with some kind of average velocity function is a 
first step, but modeling that integrates all available data on 
the velocity structure can provide needed feedback to tell 
whether or not the initial interpretation is reasonable. This 
can be particularly important where there are large lateral 
changes in velocity and the time-structure is different from 
the true depth-structure. Appropriate use of modeling can 
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S to R Vert S to R Vint Delta
Diet Angle Time Vint smth Vavg To To
405.95 43.8 61.65 6585 6584.28 6585 44.50 44.50
483.26 35.6 71.98 7484 7488.07 6714 58.54 14.04
567.67 29.7 83.41 7385 7766.92 6806 72.44 13.90
656.58 25.4 93.72 8624 8411.91 7006 84.64 12.21
748.35 22.2 103.69 9205 9034.18 7217 96.02 11.38
794.98 20.8 107.33 12810 9950.89 7407 100.31 4.29
842.01 19.6 111.61 10988 10881.77 7544 105.11 4.80
889.31 18.6 115.65 11708 11797.30 7690 109.63 4.51
936.88 17.6 119.70 11746 11799.98 7827 114.09 4.47
960.75 17.2 121.44 13718 12352.59 7911 116.04 1.94
984.68 16.7 123.45 11905 13178.68 7976 118.22 2.19
1008.65 16.3 124.94 16087 14485.82 8073 119.90 1.68
1032.68 15.9 126.44 16020 15270.80 8167 121.58 1.68
1056.76 15.6 127.95 15947 15996.94 8259 123.26 1.68
1080.80 15.2 129.42 16354 15881.79 8351 124.89 1.64
1105.04 14.9 130.99 15439 16085.41 8436 126.60 1.71
1129.23 14.6 132.54 15606 13028.32 8520 128.29 1.69
1153.45 14.2 133.88 18075 10184.00 8616 129.77 1.48
1177.69 13.9 137.51 6678 8267.43 8564 133.46 3.69
1201.97 13.7 141.07 6820 6980.12 8520 137.08 3.62
1226.27 13.4 144.91 6328 6096.01 8462 140.98 3.90
1250.57 13.1 149.14 5745 6192.16 8385 145.26 4.28
1274.89 12.8 153.93 5077 6585.95 8282 150.08 4.82
1299.24 12.6 156.28 10362 7374.63 8314 152.52 2.44
1323.62 12.3 158.75 9870 8681.78 8338 155.08 2.56
1347.98 12.1 161.21 9902 10194.85 8362 157.62 2.55
1372.36 11.9 163.54 10464 10422.90 8392 160.04 2.42
1396.76 11.6 165.81 10749 10797.03 8424 162.40 2.35
1421.18 11.4 167.94 11465 11320.80 8462 164.61 2.21
1445.62 11.2 170.06 11528 11873.25 8501 166.81 2.20
1469.97 11.0 171.94 12952 12421.31 8549 168.79 1.97
1494.54 10.8 173.82 13069 12874.67 8598 170.73 1.95
1519.03 10.6 175.67 13238 13253.13 8647 172.66 1.93
1543.55 10.4 177.50 13399 13431.62 8696 174.56 1.90
1568.09 10.3 179.29 13709 13612.83 8746 176.42 1.86
1592.65 10.1 181.07 13798 13744.29 8796 178.27 1.85
1617.21 9.9 182.84 13876 13849.85 8845 180.10 1.84
1641.80 9.8 184.62 13815 13927.52 8893 181.94 1.84
1666.40 9.6 186.36 14138 13931.99 8942 183.74 1.80
1691.02 9.5 188.12 13989 13933.01 8989 185.56 1.82
1715.64 9.3 189.92 13678 13949.32 9033 187.41 1.85
1740.29 9.2 191.68 14006 13969.63 9079 189.22 1.81
1764.95 9.0 193.43 14091 14034.37 9124 191.02 1.80
1789.62 8.9 195.18 14097 14074.65 9169 192.82 1.80
1814.30 8.8 196.92 14184 14005.43 9213 194.61 1.79
1839.01 8.7 198.70 13882 13898.81 9255 196.43 1.82
1863.73 8.6 200.51 13657 13844.07 9295 198.28 1.85
1888.46 8.4 202.31 13739 13883.61 9334 200.12 1.84
1913.19 8.3 204.08 13972 14113.75 9375 201.93 1.81
1937.94 8.2 205.80 14390 14477.44 9417 203.68 1.76
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P-WAVE (cont'd.)
Delta S to R Vert S to R Vint Delta Vrms
Depth Depth Dist Angle Time Vint smth Vavg To To smth
1950 25 1962.70 8.1 207.43 15190 14878.56 9462 205.35 1.67 10052
1975 25 1987.46 8.0 209.05 15284 15216.85 9507 207.00 1.66 10104
2000 25 2012.23 7.9 210.64 15579 15496.08 9553 208.63 1.62 10157
2025 25 2037.01 7.8 212.24 15487 15562.63 9598 210.26 1.63 10210
2050 25 2061.79 7.7 213.79 15987 15593.50 9644 211.84 1.58 10260
2075 25 2086.58 7.7 215.41 15302 15596.77 9687 213.49 1.65 10312
2100 25 2111.37 7.6 217.01 15494 15545.26 9729 215.12 1.63 10362
2125 25 2136.16 7.5 218.59 15690 15425.34 9772 216.73 1.61 10408
2150 25 2160.96 7.4 220.20 15404 15485.70 9814 218.37 1.64 10456
2175 25 2185.76 7.3 221.85 15030 15742.81 9852 220.05 1.68 10506
2200 25 2210.57 7.2 223.39 16110 15301.48 9896 221.61 1.57 10548
2225 25 2235.38 7.1 225.02 15221 15293.95 9934 223.27 1.66 10591
2250 25 2260.19 7.1 226.72 14594 15401.14 9969 225.00 1.73 10636
2275 25 2285.01 7.0 228.31 15610 15004.68 10008 226.61 1.61 10673
2300 25 2309.83 6.9 229.84 16222 14715.55 10050 228.17 1.55 10706
2325 25 2334.66 6.8 231.75 13000 14619.44 10074 230.10 1.93 10745
2350 25 2359.49 6.8 233.49 14270 14354.41 10105 231.86 1.76 10777
2375 25 2384.33 6.7 235.11 15324 13970.26 10141 233.50 1.64 10803
2400 25 2409.18 6.6 236.91 13813 14033.81 10169 235.32 1.82 10831
2425 25 2434.02 6.6 238.87 12673 14028.04 10190 237.30 1.98 10862
2450 25 2458.87 6.5 240.54 14880 13853.08 10222 238.99 1.69 10886
2475 25 2483.73 6.5 242.23 14710 13754.89 10254 240.70 1.71 10909
2500 25 2508.59 6.4 244.14 13016 13816.83 10275 242.62 1.93 10935
2525 25 2533.44 6.3 246.05 13010 13781.03 10296 244.55 1.93 10960
2550 25 2558.30 6.3 247.76 14538 13805.37 10326 246.28 1.73 10983
2575 25 2583.16 6.2 249.47 14538 14159.42 10355 248.01 1.73 11008
2600 25 2608.03 6.2 251.29 13665 14473.79 10379 249.84 1.84 11038
2625 25 2632.89 6.1 252.94 15067 14115.03 10409 251.51 1.67 11061
2650 25 2657.76 6.0 254.60 14982 13519.58 10439 253.19 1.68 11079
2675 25 2682.63 6.0 256.67 12014 11957.54 10452 255.27 2.08 11086
2700 25 2707.50 5.9 258.77 11843 11946.89 10463 257.38 2.11 11094
NOTE: Times and velocities from about 900-1250 ft may not be valid,
apparently due to a poor cement bond of the surface casing. The
usefulness of shallower stations is also questionable.
The VSP source point was located 281 ft from the 10-6-3 well at an
elevation 7 ft below the KB of the well.
S to R Dist, S to R Time, and Vint smth (smoothed) were obtained from D.
L. Kramer. He calculated Vint smth at each depth as the inverse slope
of a line fitted through three adjacent depth-time pairs, the center 
pair being at the depth of interest.
Vint « (change in S to R Dist) / (change in S to R Time)
Vavg * (S to R Dist) / (S to R Time)
To = (Depth - 7 ft)/ Vavg
I calculated Vrms smth from Vint smth, To, and Delta To.
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MEASURED DEPTHS, ELEVATIONS, AND MODEL 
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LOCATIONS OF WELL CONTROL POINTS
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MAP MODEL
WELL N E NORTH EAST N E NORTH EAST
1-12-34 803065.0 646150.0 4977 -2832
3-13-34 802733.3 646650.0 4982 -2232
1-16-34 801930.7 646135.8 4029 -2210
4-12-34 803095.8 646950.0 5450 -2186
4-14-34 802490.6 646793.6 4861 -1977
M-17 802678.1 647369.6 5338 -1605
3-16-34 801868.8 646832.9 4367 -1597
5-14-34 802548.3 647497.9 5303 -1426
3-1-3 801259.4 646653.9 3762 -1405
17 801248.8 647362.3 4149 -811
11 800758.0 648189.8 4205 149
52 SL 799644.0 647745.4 3033 404
Pge 34 25 3067 429
Tenslp 52 38 3085 442
52 BHL 799672.3 647828.1 3103 456
44 800302.9 648311.4 3896 504
54 799989.0 648128.8 3534 528
51 SL 799223.3 647972.5 2811 827
Pge 32 61 799255.3 648033.5 2872 860
Tenslp 50 93 799273.3 648065.5 2905 876
Amsd 65 123 799288.3 648095.5 2934 893
50 SL 799671.9 648294.2 3363 843
Amsd -3 50 799668.9 648344.2 3389 886
49 SL 800024.1 648636.1 3846 929
Amsd -53 18 799971.1 648654.1 3813 974
5 SL 800569.5 649048.0 4529 966
Tenslp -104 20 4425 986
10-4-3 SL 800275.0 648967.0 4239 1063
Pge -50 23 800225.0 648990.0 4211 1110
Tenslp -80 16 800195.0 648983.0 4182 1121
9-6-3 SL 799678.0 648722.0 3608 1194
Amsd -17 58 799661.0 648780.0 3626 1252
46 SL 798597.6 648016.0 2317 1213
Pge 80 44 2397 1257
Tenslp 121 66 2438 1279
46 BHL 82 159 798679.6 648175.0 2474 1299
45 SL 799007.3 648298.1 2814 1218
Pge 67 38 2881 1256
Tenslp 101 58 2915 1276
45 BHL 799073.5 648433.8 2945 1293
40 SL 799308.3 648674.9 3275 1362
Pge 45 69 799353.3 648743.9 3351 1394
Tenslp 59 84 799367.3 648758.9 3371 1398



















































N E NORTH EAST N E NORTH
799756.7 649021.7 3840
-26 13 799730.7 649034.7 3826
-44 23 799712.7 649044.7 3817










-45 -17 799910.1 649373.4 4164
-71 -24 799884.1 649366.4 4139






28 23 799168.0 649128.9 3412
799523.3 649369.1 3841





















43 30 798703.0 649216.0 3075
110 90 798770.0 649276.0 3165
180 166 798840.0 649352.0 3265
231 225 798891.0 649411.0 3340
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WELL N E NORTH EAST N E NORTH EAST
10-10-3 SL 798366.5 649016.7 2685 2172
Pge 69 43 2754 2215
Tenslp 104 65 2789 2237
10-10-3 BHL 798430.3 649162.9 2820 2257
13-7-3 799458.8 649840.3 4051 2244
20 SL 798680.8 649342.9 3128 2267
Tenslp 77 31 3205 2298
23 799353.4 649831.6 3959 2296
14-5-3 SL 800129.4 650413.9 4928 2344
Jml -32 -43 800097.4 650370.9 4877 2327
Js -39 -51 800090.4 650362.9 4867 2324
Jcs -53 -67 800076.4 650346.9 4846 2318
Ta -62 -78 800067.4 650335.9 4833 2314
Pge -114 -135 800015.4 650278.9 4758 2296
Tenslp -162 -179 799967.4 650234.9 4693 2287
Amsd -208 -219 799921.4 650194.9 4633 2279
16 SL 798481.8 649338.9 2961 2374
Pge 49 22 3010 2396
Tenslp 76 34 3037 2408
26 SL 799652.3 650182.3 4403 2419
Tenslp -89 3 4314 2422
22 798901.6 649756.7 3542 2486
11-11-3 SL 797909.9 649262.6 2444 2631
Pge 61 78 797970.9 649340.6 2538 2662
Tenslp 81 121 797990.9 649383.6 2579 2686
Amsd 94 161 798003.9 649423.6 2612 2712
42 799209.8 650170.5 4029 2657
14-7-3 799345.6 650271.3 4198 2664
14-6-3 SL 799784.1 650617.9 4756 2707
Tenslp -146 -147 799638.1 650470.9 4552 2666
14-6-3 BHL -171 -171 799613.1 650446.9 4518 2660
13-8-3 798955.2 650088.1 3772 2731
37 SL 799928.9 650801.2 4978 2778
Jcs -46 -32 799882.9 650769.2 4922 2777
Ta -53 -35 799875.9 650766.2 4915 2778
Pge -110 -54 799818.9 650747.2 4857 2794
Tenslp -168 -65 799760.9 650736.2 4803 2818
24 799271.0 650396.6 4207 2810
38 SL 798493.7 649896.8 3283 2830
Tenslp 30 27 798523.7 649923.8 3323 2836
11-13-3 SL 797491.7 649307.4 2122 2902
Jml 16 41 797507.7 649348.4 2159 2927
Js 20 50 797511.7 649357.4 2167 2932
Jcs 29 66 797520.7 649373.4 2183 2941
Ta 35 79 797526.7 649386.4 2196 2948
Pge 59 131 797550.7 649438.4 2245 2978
Tenslp 78 167 797569.7 649474.4 2280 2997
Amsd 90 203 797581.7 649510.4 2310 3020
T-4137 147
WELL N E NORTH EAST N E NORTH EAST
12-10-3 SL 798138.4 649748.3 2905 2906
Pge 22 49 798160.4 649797.3 2951 2934
Tenslp 37 74 798175.4 649822.3 2977 2947
Amsd 49 96 798187.4 649844.3 2999 2958
7 798817.6 650302.8 3778 2986
53 799127.9 650730.7 4275 3167
32 SL 799433.7 650940.6 4646 3170
Tenslp -170 -150 799263.7 650790.6 4421 3141
13-12-3 SL 797746.2 649855.9 2640 3214
Pge 58 12 2698 3226
Tenslp 89 18 2729 3232
13-12-3 BHL 797828.1 649939.5 2755 3238
27 798406.4 650345.9 3461 3252
14-11-3 SL 798082.0 650197.0 3109 3309
Pge 51 28 798133.0 650225.0 3167 3304
Tenslp 80 39 798162.0 650236.0 3197 3297
29 798817.7 650766.3 4037 3370
19 SL 797860.2 650176.9 2914 3417
Tenslp 80 -3 2994 3414
12-14-3 SL 797132.6 649826.9 2115 3534
Jml 32 34 797164.6 649860.9 2161 3544
Js 39 40 797171.6 649866.9 2170 3545
Jcs 51 54 797183.6 649880.9 2188 3550
Ta 58 63 797190.6 649889.9 2198 3553
Pge 90 109 797222.6 649935.9 2251 3574
Tenslp 111 143 797243.6 649969.9 2287 3590
Amsd 123 172 797255.6 649998.9 2313 3607
1-7-2 SL 799353.5 651334.9 4800 3542
Jml -22 -34 799331.5 651300.9 4762 3526
Js -27 -41 799326.5 651293.9 4754 3523
Jcs -38 -56 799315.5 651278.9 4737 3517
Ta -45 -65 799308.5 651269.9 4726 3513
Pge -67 -101 799286.5 651233.9 4688 3496
Tenslp -87 -134 799266.5 651200.9 4653 3479
Amsd -102 -163 799251.5 651171.9 4624 3464
2-6-2 SL 799571.1 651551.2 5101 3599
Jcs -32 -40 799539.1 651511.2 5052 3584
Ta -45 -58 799526.1 651493.2 5031 3577
Pge -88 -112 799483.1 651439.2 4965 3556
Tenslp -129 -166 799442.1 651385.2 4901 3534
Amsd -163 -212 799408.1 651339.2 4847 3515
39 SL 798864.7 651209.9 4324 3712
Pge -19 -42 798845.7 651167.9 4285 3687
Tenslp -27 -59 798837.7 651150.9 4269 3678
Amsd -35 -73 798829.7 651136.9 4255 3671
16-10-3 798508.8 650988.8 3906 3727
21 798220.6 650799.3 3561 3731
T-4137 148
WELL N E NORTH EAST N E NORTH EAST
14-12-3 SL 797732.9 650512.1 2996 3766
Pge 46 -3 3042 3763
Tenslp 69 -5 3065 3761
14-12-3 BHL 797807.9 650555.4 3082 3760
15-12-3 SL 797803.2 650761.7 3194 3934
Pge 37 36 797840.2 650797.7 3245 3943
Tenslp 53 44 797856.2 650805.7 3262 3940
Amsd 63 52 797866.2 650813.7 3275 3941
1-A SL 798908.9 651634.5 4599 4039
Tenslp -138 -73 798770.9 651561.5 4443 4055
2-8-2 SL 799054.0 651771.0 4795 4071
Jm -35 -39 799019.0 651732.0 4744 4058
Jml -42 -46 799012.0 651725.0 4735 4056
Js -50 -55 799004.0 651716.0 4723 4053
Jcs -63 -70 798991.0 651701.0 4704 4048
Ta -70 -78 798984.0 651693.0 4694 4045
Pge -93 -115 798961.0 651656.0 4654 4027
Tenslp -106 -148 798948.0 651623.0 4625 4007
33 SL 797577.6 650789.9 3023 4083
Tenslp 66 -21 3089 4062
14-13-3 SL 797230.5 650562.7 2608 4089
Pge 68 -17 2676 4072
Tenslp 101 -26 2709 4063
14-13-3 BHL 797353.1 650607.5 2734 4057
31 798392.7 651354.1 4014 4095
41 SL 797897.1 651156.6 3492 4208
Pge 30 -2 797927.1 651154.6 3516 4190
Tenslp 50 -1 797947.1 651155.6 3533 4180
Amsd 65 -3 797962.1 651153.6 3545 4170
14-15-3 SL 796771.5 650408.3 2141 4217
Pge 65 -6 2206 4211
Tenslp 97 -10 2238 4207
14-15-3 BHL 796878.8 650465.3 2262 4205
3-9-2 SL 798610.7 651940.8 4523 4459
Pge -45 -48 4478 4411
Tenslp -64 -68 4459 4391
3-9-2 BHL 798592.3 651822.6 4441 4372
16-14-3 SL 797060.9 650932.4 2674 4490
Pge 45 -39 2719 4451
Tenslp 67 -58 2741 4432
16-14-3 BHL 797172.0 650918.6 2758 4417
1-12-2 SL 797596.8 651318.3 3334 4510
Pge 39 -16 797635.8 651302.3 3357 4475
Tenslp 59 -19 797655.8 651299.3 3372 4462
Amsd 75 -15 797671.8 651303.3 3388 4456
18 SL 797909.4 651559.1 3728 4535
Pge 50 -50 797959.4 651509.1 3741 4466























N E NORTH EAST N E NORTH
798219.7 651814.9 4128
-13 -48 798206.7 651766.9 4090
-18 -65 798201.7 651749.9 4077





12 -70 798381.8 652168.8 4460
25 -104 798394.8 652134.8 4452










Jm = Morrison Formation, Jurassic 
Jml = lower Morrrison Formation, Jurassic 
Js = Sundance Formation (top?), Jurassic 
Jcs = Canyon Springs Sandstone, Jurassic 
Ta * Alcova Limestone, Triassic 
Pge * Goose Egg Formation, Permian 
Tenslp = Tensleep Sandstone, Pennsylvanian 




















































































































































































STACKING VELOCITIES AND DIPS FROM THE 
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4137 159
VRMS FROM THE MODEL
Macrobin 20,24 Macrobin 20,44 Macrobin 20,64
To Vrms To Vrms To Vrms
Muddy 278 8385 258 8539 244 8570
L Morrison 359 8493 338 8614 324 8640
Crow Mtn 445 9025 425 9145 413 9192
Nowood 602 10457 583 10573 571 10634
Amsden 650 10910 633 11046 620 11094
Macrobin 52,24 Macrobin 52,44 Macrobin 52,64
To Vrms To Vrms To Vrms
Muddy 173 7739 154 7845 146 7897
L Morrison 255 8111 236 8211 225 8247
Crow Mtn 342 8929 322 9028 315 9106
Nowood 505 10698 483 10823 476 10879
Amsden 553 11201 531 11332 526 11401
Macrobin 84,24 Macrobin 84,44 Macrobin 84,64
. To Vrms To Vrms To Vrms
Muddy 141 7501 129 7472 127 7571
L Morrison 221 8016 207 8019 202 8073
Crow Mtn 309 8956 293 8989 284 9007
Nowood 467 10806 445 10893 442 10923
Amsden 513 11306 491 11357 491 11472
Macrobin 116,24 Macrobin 116,44 Macrobin 116,64
To Vrms To Vrms To Vrms
Muddy 194 8481 207 8386 197 8518
L Morrison 275 8592 289 8522 277 8616
Crow Mtn 362 9219 374 9134 360 9213
Nowood 526 10828 523 10609 504 10700
Amsden 574 11291 566 11075 549 11171
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Appendix F 
MAPS OF SURFACES USED IN THE MODEL
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Fig. F-l Mowry Shale structure map, without the deformation 
caused by the reverse fault. Mapped horizon is 35 ft below 
the formation top. Contour interval is 200 ft and the datum 
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Fig. F-2 Muddy Sandstone structure map. Contour interval is 
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Fig. F-3 Alcova Limestone structure map. Mapped horizon is 
79 ft below the Crow Mountain layer boundary. Contour inter­
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Fig. F-5 Amsden Formation structure map. Contour interval 
is 200 ft and the datum elevation is 6000 ft ASL.
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Appendix I 
TIMES OF THE DOWN-GOING FAST AND SLOW 
S-WAVES FROM THE VSP
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Delta S to R Vert
Depth Depth Dist Angle
300 293 423.79 46.3
400 100 498.37 37.9
500 100 580.62 31.9
600 100 667.86 27.4
700 100 758.33 24.0
750 50 804.41 22.5
800 50 850.93 21.3
850 50 897.78 20.1
900 50 944.95 19.1
925 25 968.63 18.6
950 25 992.37 18.1
975 25 1016.17 17.7
1000 25 1040.03 17.3
1025 25 1063.95 16.9
1050 25 1087.92 16.5
1075 25 1111.93 16.2
1100 25 1135.99 15.8
1125 25 1160.07 15.5
1150 2i 1184.18 15.2
1175 25 1208.33 14.8
1200 25 1232.51 14.5
1225 25 1256.69 14.3
1250 25 1280.90 14.0
1275 25 1305.14 13.7
1300 25 1329.41 13.4
1325 25 1353.66 13.2
1350 25 1377.94 12.9
1375 25 1402.25 12.7
1400 25 1426.57 12.5
1425 25 1450.91 12.2
1450 25 1475.18 12.0
1475 25 1499.66 11.8
1500 25 1524.06 11.6
1525 25 1548.51 11.4
1550 25 1572.97 11.2
1575 25 1597.44 11.0
1600 25 1621.94 10.8
1625 25 1646.46 10.7
1650 25 1670.99 10.5
1675 25 1695.54 10.3
1700 25 1720.10 10.2
1725 25 1744.69 10.0
1750 25 1769.30 9.9
1775 25 1793.91 9.7
1800 25 1818.53 9.6
1825 25 1843.19 9.5
1850 25 1867.86 9.4
1875 25 1892.54 9.2
1900 25 1917.23 9.1
1925 25 1941.94 9.0
FAST S-WAVE
S to R Vint Delta Vrma
Time Vint smth Vavg To To smth
136.89 3096 3095.78 3096 94.64 94.64 3096
155.58 3990 3991.52 3203 122.69 28.04 3322
180.84 3256 3287.76 3211 153.55 30.86 3315
210.51 2940 3191.04 3173 186.91 33.36 3293
236.19 3523 3294.51 3211 215.84 28.93 3293
248.88 3631 3682.83 3232 229.88 14.04 3319
259.74 4284 4311.34 3276 242.06 12.18 3375
268.23 5518 5139.31 3347 251.86 9.81 3461
276.27 5867 5301.57 3420 261.08 9.22 3542
282.35 3895 5047.44 3431 267.59 6.51 3586
286.59 5599 4641.33 3463 272.33 4.74 3607
291.83 4542 4705.01 3482 278.00 5.66 3633
297.41 4276 4144.38 3497 283.96 5.96 3645
303.88 3697 4101.36 3501 290.76 6.79 3656
309.08 4610 4079.31 3520 296.32 5.56 3664
315.23 3904 4120.30 3527 302.78 6.46 3675
321.23 4010 4810.25 3536 309.07 6.30 3701
322.92 14249 6000.09 3592 311.21 2.14 3722
327.51 5253 5042.96 3616 316.12 4.91 3746
334.57 3421 3687.25 3612 323.40 7.28 3745
342.15 3190 3475.24 3602 331.18 7.78 3739
348.11 4057 3952.65 3610 337.39 6.21 3743
352.74 5229 4937.46 3631 342.30 4.91 3762
356.83 5927 5927.39 3658 346.68 4.37 3797
360.33 6934 6535.40 3689 350.46 3.79 3837
363.92 6755 6211.22 3720 354.33 3.87 3871
368.58 5210 5290.20 3739 359.23 4.90 3894
373.95 4527 5662.16 3750 364.82 5.58 3927
376.05 11581 6407.34 3794 367.20 2.38 3948
380.22 5837 8051.19 3816 371.60 4.39 4021
382.42 11032 8021.69 3857 374.08 2.48 4061
385.24 8681 8711.96 3893 377.11 3.03 4119
388.54 7394 7480.41 3923 380.62 3.51 4163
392.18 6717 7044.36 3948 384.45 3.83 4201
395.58 7194 7035.44 3976 388.04 3.59 4236
399.00 7155 7384.51 4004 391.65 3.60 4276
402.09 7929 7718.34 4034 394.92 3.27 4315
405.14 8039 7481.59 4064 398.14 3.22 4350
408.89 6541 7474.27 4087 402.04 3.90 4391
411.75 8584 7308.80 4118 405.06 3.02 4420
415.37 6785 7342.09 4141 408.83 3.76 4456
418.80 7169 6894.91 4166 412.39 3.57 4483
422.50 6651 7335.97 4188 416.22 3.83 4517
425.29 8821 7178.32 4218 419.15 2.93 4541
429.25 6217 7629.49 4237 423.22 4.08 4581
431.89 9341 7432.96 4268 425.99 2.76 4605
435.41 7009 7699.75 4290 429.61 3.63 4640
438.74 7411 7203.46 4314 433.05 3.44 4666
442.20 7136 8020.00 4336 436.61 3.56 4703
444.42 11131 8243.08 4370 438.94 2.33 4729
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FAST S-WAVE (cont'd.)
Delta S to R Vert S to R Vint Delta Vrms
Depth Depth Dist Angle Time Vint smth Vavg To To smth
1950 25 1966.66 8.9 447.91 7083 8048.74 4391 442.52 3.58 4765
1975 25 1991.38 8.8 451.19 7537 6805.72 4414 445.89 3.37 4783
2000 25 2016.11 8.7 455.40 5874 6942.40 4427 450.18 4.29 4808
2025 25 2040.85 8.6 458.32 8473 7607.40 4453 453.19 3.01 4832
2050 25 2065.59 8.5 460.90 9589 8601.34 4482 455.86 2.67 4863
2075 25 2090.34 8.4 464.08 7783 9652.79 4504 459.12 3.26 4914
2100 25 2115.10 8.3 465.67 15572 8321.85 4542 460.80 1.68 4930
2125 25 2139.86 8.2 469.99 5731 7937.42 4553 465.19 4.38 4967
2150 25 2164.62 8.1 472.76 8939 7995.69 4579 468.04 2.85 4991
2175 25 2189.39 8.0 474.76 12385 9949.36 4612 470.12 2.08 5024
2200 25 2214.17 7.9 477.59 8756 9098.29 4636 473.02 2.90 5059
2225 25 2238.94 7.8 480.79 7741 8511.99 4657 476.29 3.27 5091
2250 25 2263.73 7.8 483.40 9498 7498.03 4683 478.97 2.68 5107
2275 25 2288.51 7.7 487.63 5858 7583.20 4693 483.26 4.29 5134
2300 25 2313.31 7.6 490.16 9802 7003.86 4719 485.86 2.60 5146
2325 25 2338.11 7.5 494.26 6049 7469.10 4731 490.01 4.15 5170
2350 25 2362.92 7.4 497.27 8243 7748.69 4752 493.08 3.07 5190
2375 25 2387.73 7.4 499.66 10381 9047.11 4779 495.53 2.45 5216
2400 25 2412.55 7.3 502.59 8471 8245.10 4800 498.52 2.99 5240
2425 25 2437.37 7.2 506.24 6800 8993.12 4815 502.22 3.70 5277
2450 25 2462.20 7.2 507.26 24343 9406.96 4854 503.30 1.09 5290
2475 25 2487.03 7.1 510.73 7156 9437.98 4870 506.82 3.52 5330
2500 25 2511.86 7.0 513.51 8932 7347.13 4892 509.65 2.83 5343
2525 25 2536.69 7.0 517.57 6116 6982.30 4901 513.76 4.10 5358
2550 25 2561.53 6.9 521.17 6900 6873.25 4915 517.40 3.64 5370
2575 25 2586.37 6.8 524.28 7987 8756.18 4933 520.56 3.16 5397
2600 25 2611.21 6.8 525.68 17743 10741.78 4967 522.01 1.46 5419
2625 25 2636.05 6.7 528.27 9591 11484.04 4990 524.65 2.64 5467
2650 25 2660.90 6.6 530.56 10852 9371.55 5015 526.99 2.34 5490
2675 25 2685.75 6.6 533.70 7914 9118.74 5032 530.17 3.18 5519
2700 25 2710.60 6.5 536.30 9558 9644.04 5054 532.82 2.64 5547
NOTE: Times and velocities from about 900-1250 ft may not be valid,
apparently due to a poor cement bond of the surface casing. The
usefulness of shallower stations is also questionable.
The VSP source point was located 281 ft from the 10-6-3 well at an
elevation 7 ft below the KB of the well.
S to R Diet, S to R Time, and Vint smth (smoothed) were obtained from D.
L. Kramer. He calculated Vint smth at each depth as the inverse slope
of a line fitted through three adjacent depth-time pairs, the center 
pair being at the depth of interest.
Vint ■ (change in S to R Dist) / (change in S to R Time)
Vavg m (S to R Dist) / (S to R Time)
To * (Depth - 7 ft)/ Vavg



































































































S to R Vert S to R
Dist Angle Time Vint
423.79 46.3 150.52 2816
498.37 37.9 166.24 4744
580.62 31.9 188.31 3727
667.86 27.4 218.42 2897
758.33 24.0 251.12 2767
804.41 22.5 262.08 4204
850.93 21.3 274.42 3770
897.78 20.1 284.77 4527
944.95 19.1 292.75 5911
968.63 18.6 298.58 4062
992.37 18.1 304.46 4037
1016.17 17.7 308.64 5694
1040.03 17.3 313.74 4678
1063.95 16.9 321.93 2921
1087.92 16.5 325.44 6829
1111.93 16.2 331.37 4049
1135.99 15.8 336.91 4343
1160.07 15.5 341.51 5235
1184.18 15.2 344.57 7879
1208.33 14.8 350.38 4157
1232.51 14.5 358.52 2971
1256.69 14.3 363.84 4545
1280.90 14.0 368.87 4813
1305.14 13.7 372.80 6168
1329.41 13.4 376.59 6404
1353.66 13.2 380.67 5944
1377.94 12.9 384.09 7099
1402.25 12.7 388.85 5107
1426.57 12.5 393.11 5709
1450.91 12.2 398.55 4474
1475.18 12.0 401.16 9299
1499.66 11.8 404.84 6652
1524.06 11.6 409.25 5533
1548.51 11.4 411.99 8923
1572.97 11.2 415.06 7967
1597.44 11.0 416.68 15105
1621.94 10.8 423.03 3858
1646.46 10.7 427.22 5852
1670.99 10.5 430.85 6758
1695.54 10.3 433.74 8495
1720.10 10.2 436.51 8866
1744.69 10.0 439.96 7128
1769.30 9.9 443.43 7092
1793.91 9.7 446.76 7390
1818.53 9.6 449.62 8608
1843.19 9.5 452.89 7541
1867.86 9.4 457.04 5945
1892.54 9.2 459.73 9175
1917.23 9.1 462.59 8633
1941.94 9.0 465.90 7465
Vint Delta
smth Vavg To To
2815.52 2816 104.07 104.07
4742.85 2998 131.09 27.03
3552.69 3083 159.89 28.80
3028.74 3058 193.94 34.04
2967.15 3020 229.49 35.55
3235.58 3069 242.07 12.59
4098.53 3101 255.74 13.67
4532.61 3153 267.39 11.66
4976.37 3228 276.66 9.26
4779.29 3244 282.97 6.32
4410.86 3259 289.31 6.34
4773.71 3292 294.01 4.70
4043.56 3315 299.55 5.54
3995.28 3305 308.03 8.47
4148.11 3343 312.00 3.98
4669.30 3356 318.28 6.28
4460.10 3372 324.16 5.88
5363.56 3397 329.13 4.97
5475.17 3437 332.59 3.46
4085.04 3449 338.69 6.10
3641.86 3438 347.03 8.34
3919.98 3454 352.64 5.61
5034.13 3472 357.96 5.32
5717.48 3501 362.19 4.24
6191.13 3530 366.28 4.08
6390.10 3556 370.64 4.37
6014.07 3588 374.35 3.71
5754.88 3606 379.35 5.00
5094.54 3629 383.86 4.51
5649.22 3640 389.51 5.65
6312.97 3677 392.41 2.90
6735.27 3704 396.29 3.88
6573.19 3724 400.91 4.62
7231.32 3759 403.87 2.96
9514.89 3790 407.15 3.28
6555.29 3834 409.00 1.85
5481.24 3834 415.48 6.48
5154.27 3854 419.84 4.35
6808.49 3878 423.63 3.80
7957.67 3909 426.69 3.06
8138.12 3941 429.63 2.94
7539.76 3966 433.23 3.60
7182.22 3990 436.84 3.61
7603.55 4015 440.31 3.47
7882.89 4045 443.31 3.00
7175.80 4070 446.70 3.39
7123.13 4087 450.96 4.26
7675.76 4117 453.77 2.81
8375.00 4145 456.74 2.97
8259.07 4168 460.16 3.41
T-4137 191
SLOW S-WAVE (cont'd.)
Delta S to R Vert S to R Vint Delta Vrms
Depth Depth Dist Angle Time Vint smth Vavg To To smth
1950 25 1966.66 8.9 468.59 9190 7518.55 4197 462.95 2.80 4591
1975 25 1991.38 8.8 472.59 6180 6840.79 4214 467.04 4.09 46152000 25 2016.11 8.7 476.54 6261 6794.67 4231 471.08 4.04 4638
2025 25 2040.85 8.6 479.33 8867 8432.17 4258 473.96 2.89 4670
2050 25 2065.59 8.5 481.20 13230 10161.69 4293 475.94 1.97 4707
2075 25 2090.34 8.4 484.01 8808 11027.28 4319 478.84 2.90 47702100 25 2115.10 8.3 485.80 13832 7998.01 4354 480.72 1.89 4787
2125 25 2139.86 8.2 490.53 5235 7331.50 4362 485.52 4.79 4819
2150 25 2164.62 8.1 493.40 8627 7420.10 4387 488.47 2.95 4839
2175 25 2189.39 8.0 495.64 11058 9612.95 4417 490.80 2.33 48722200 25 2214.17 7.9 498.35 9144 9339.70 4443 493.59 2.79 4909
2225 25 2238.94 7.8 501.31 8368 8418.49 4466 496.62 3.04 4938
2250 25 2263.73 7.8 504.48 7820 7657.43 4487 499.86 3.24 4960
2275 25 2288.51 7.7 508.06 6922 7291.93 4504 503.51 3.65 4981
2300 25 2313.31 7.6 511.45 7316 8461.32 4523 506.96 3.45 5013
2325 25 2338.11 7.5 512.75 19077 8215.31 4560 508.34 1.38 5025
2350 25 2362.92 7.4 517.28 5477 7312.60 4568 512.92 4.58 5050
2375 25 2387.73 7.4 520.79 7068 6765.99 4585 516.49 3.57 5063
2400 25 2412.55 7.3 523.71 8500 8390.93 4607 519.47 2.98 5089
2425 25 2437.37 7.2 526.09 10429 9797.34 4633 521.91 2.44 5121
2450 25 2462.20 7.2 528.45 10521 9217.88 4659 524.33 2.42 5147
2475 25 2487.03 7.1 531.87 7260 8812.76 4676 527.80 3.47 5180
2500 25 2511.86 7.0 534.29 10260 8180.72 4701 530.28 2.48 5198
2525 25 2536.69 7.0 537.72 7239 8414.23 4717 533.76 3.48 5225
2550 25 2561.53 6.9 540.50 8935 7928.58 4739 536.59 2.83 5243
2575 25 2586.37 6.8 543.77 7596 8086.79 4756 539.91 3.32 5265
2600 25 2611.21 6.8 546.84 8091 7547.55 4775 543.03 3.12 5281
2625 25 2636.05 6.7 550.47 6843 7986.39 4789 546.70 3.67 5304
2650 25 2660.90 6.6 552.92 10143 8286.05 4812 549.20 2.50 5321
2675 25 2685.75 6.6 555.95 8201 8448.13 4831 552.28 3.08 5344
2700 25 2710.60 6.5 559.23 7576 7634.45 4847 555.60 3.32 5361
NOTE: Times and velocities from about 900-1250 ft may not be valid,
apparently due to a poor cement bond of the surface casing. The
usefulness of shallower stations is also questionable.
The VSP source point was located 281 ft from the 10-6-3 well at an
elevation 7 ft below the KB of the well.
S to R Dist, S to R Time, and Vint smth (smoothed) were obtained from D.
L. Kramer. He calculated Vint smth at each depth as the inverse slope
of a line fitted through three adjacent depth-time pairs, the center 
pair being at the depth of interest.
Vint « (change in S to R Dist) / (change in S to R Time)
Vavg - (S to R Dist) / (S to R Time)
To = (Depth - 7 ft)/ Vavg
I calculated Vrms smth from Vint smth, To, and Delta To.
